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SURFACE FILMS AND METALLURGY RELATED TO LUBRICATION AND WEAR 


Donald H. Buckley 

National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio U.S.A. 

INTRODUCTION 


Coi f iderable amounts of data exist in the literature on the 
nature of liquid and gaseous interactions with solid surfaces in 
different fields (e.g., catalysis, surface chemistry, corrosion, 
etc.). The amount of fundamental information available on solid to 
solid interactions is, however, much more limited. 

In tribological applications, two solid surfaces are in solid to 
solid contact whether the solids are bearings, gears, seals, or other 
mechanical components. Thus, in tribology, the solid surface and the 
interaction of two such surfaces are extremely important. 

Metals and alloys are the most widely used solids in lubrication 
systems. Therefore, studies of metal and alloy surfaces are 
important. The nature of the surface, its interaction with the 
environment and constituents therein, lubricants, and the physics, 
chemistry, and metallurgy of the surface of metals and alloys must be 
understood in their relationships to adhesion, friction, wear, and 
lubrication of two solids in contact. 

The objective of this thesis is to apply a number of analytical 
tools to study and characterize the tribological surface and the 
interactions of solid surfaces. Many of the studies involve in situ 
analysis of the adhesion, friction, wear, and lubrication behavior of 
solid surfaces in contact with surface analytical tools. The specific 
subjects to be addressed include the following: (1) nature of the 

tribological surface, (2) characterization of that tribological 
surface, (3) environmental effects, (4) solid to solid interactions in 
adhesion, friction, wear, and lubrication for various classes of 


material combinations, and (b) the surface metallurgical properties 
related to tribological pertonnance. 

With respect to the identification of the surface, the ideal, 
real, and tribological surfaces will be distinguished. The 
tribological surface will be characterized physically, mechanically, 
chemically, and metallurgical ly. The adhesion, friction, wear, and 
lubrication of metals in contact with other metals, semiconductors, 
ceramics, carbons, and polym»'rs will be add essed. Metallurgical 
surface characteristics to be related to tribology will include 
surface energy, crystallinity, grain boundary effects, orientation, 
texturing, cr'ystal structure, order-disorder transformations, 
recrystallization, the degree of metallic nature, fracture and ideal 
shear strength, surface segregation, and alloying effects. The 
interaction of the environmental constituents with the surface of 
metals and alloys will also be discussed. 

NATURE OF SURFACES AS THEY RELATE TO TRIBaOGY 


When a solid surface is examined either microscopically with the 
scanning electron microscope or mechanically with a surface 
prof i lometer, it is found to contain irregularities; that is, the 
surface is not flat and smooth. A depiction of a surface displaying 
these irregularities, or asperities as they are con«monly called, is 
presented in figure 1(a). 

Nearly all real surfaces contain the asperities except for 
brittle, single-crystal materials that have been cleaved along natural 
cleavage planes and metallic pin tips that have been field evaporated 
in the field ion microscope. Even with brittle materials, the 
cleavage process results in the generation of surfaces that contain 
cleavage steps, and it is only the terraces between these steps that 
are atomically smooth. 

The actual shape and distribution of surface asperities has been 
the object of considerable research. An excellent review of the 
subject can be found in reference 1. 
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ADSORBATES 



Figure 1. - Surface topography. 



(b) Groutui. 
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(c) Lappt'ii. 

Figure 2 . - Profiles ot steel surfaces finished by three different 
methods. 
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The surfdcei. of the asperities are not atoniieally clean but 
contain surface films (fig. l^b)). For metals and alloys these films 
generally consist of oxides and adsorbed gases, usually water vapor, 
carbon monoxide, and carbon dioxide. With many nonmetals the surface 
films may simply consist of adsorbates. All the reacted and adsorbed 
film materials can exert a strong effect on the mechanical and 
metallurgical behavior of the solids to which they adhere, as 
indicated by the collection of papers in reference i*. 

In addition to the films present on the surface of a solid, the 
surficial (near-surface) 1?»yeis of the solid itself may vary 
considerably in structure from the bulk of the solid. With 
crystalline solids these layers may consist of recrystallized 
material, strain-hardened regions, and/or textured regions. These 
surficial layers develop when any type of finishing or polishing of 
the surface is done, particularly when that surface is a metal. These 
layers can also be a region rich in bulk impurities (ref. 3). In 
amorphous solids, these layers may contain voids and microcracks. 

^URfALt PROFiLt 

A careful examination of industrially prepared metal and alloy 
surfaces with surface prof i lumeters (devices capable of revealing tlie 
surface topography) indicates the true microroughness of these 
surfaces. They are, on a microscale, rough as indicated by the 
surface profile traces shown in figure 2 . The surface represented by 
figure i?(a), steel finished liy mechanical wire brushing, is extremely 
rough and contains many large irregularities. The surface of figure 
c(b) is for steel prepared by conventional industrial grinding and is 
much smoother, but there still exist many microirregularities. 

When a steel surface is very carefully lapped, smaller and fewer 
asperities are produced. This is demonstrated in the surface profile 
trace shown in figure 2(c), the smoothest of the three traces 
presented, tven the lapping, however, leaves some surface roughness. 

Extremely smooth, asperity-free surfaces are shown in the profile 
traces of figures 3(a) and (b) for mica and quartz surfaces. Both 
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(a) Mica. 


I 

Figure 


^ 

(b) Quart;. 


(c) Iron on quart;. 

I 

(d) 1.0-Micrometer standard surface roughness. 
Figure 3. - Surface profiles of various materials. 



. - Photomicrograph of a glass bead blasted aluminum surface. 


5 


surfaces were generated b> cleavage. A c'ack that developed during 
the cleavage proces* Is visllile i»t the profile trace on the mica 
surface. 

Noi'nially, metal surfaces canttot be generated with the smoothness 
leflected In the profiles shown In figures 3(a) and (b). Such 
surfaces can be generated In the field Ion microscope, but this only 
provides an atomically smooth surface over an area reflected by the 
pin tip radius of bOO to 1000 A. Deposition of metal films on quarts 
surfaces such as that In figure 3(b) can be used to obtain an 
asper Ity-f ree metal surface. The results of such an approach are 
shown In the surface profile trace of figure 3(c) for Iron vapor 
deposited In vacuum onto quartz. Tire surface is smooth compared with 
those surfaces sliown In figure 2 . 

Very frequently It Is desirable not to have extremely smooth 
surfaces - for example, when a greater surface area would promote such 
things as adhesion. A iiost of different methods, mechanical, 
chemical, and physical, can be used to Increase surface area. 

One of the most connionly used mechanical methods is to sand or 
bead blast the surface, thereby r**inoving material through erosive 
wear. An example of such a surface is shown by the photomicrograpit in 
figure 4. The surface looks like waves of water. This kind of 
surface topography may be very useful in certain bortding applications, 
catalysis, and chemical processes. 

Amotig the chemical surface roughening methods, ch«“mical etching 
is used. The particular reagents must be selected on tne basis of the 
surface to be etched. 

A very good technique for rougiienlng surfaces Involves using 
inert gas ions, which are made to bombard a surface and generate a 
surface texture. Ion etching, as it is called, is particularly 
versatile in that both bombarding species and Ion energies can be 
selected to vary the surface topography. In addition, the Incident 
angle of the ion beam can also be varied. The different surface 
textures that can be developed by this technique are indicated by the 
photomicrographs of silver surfaces In figure b. In the upper portion 
of the figure the various surface orientations are depicted on the 
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unit triangle. In the three iiiicroyraphs in the lower portion of the 
figure, the ion etching effeit on three principal planes of silver, 
namely, the (100), (110), anu (111) surfaces, are shown. The 
photomicrographs in figure b indicate that considerable variation in 
surface texture can be developed with ion beam etching. 

UYSIALL iNt STKUCTUHt 

The crystal structure of ideal surfaces f“- most practically used 
materials is generally one of three major types: body centered cubic, 
face centered cubic, or close packed hexagonal. All engineering 
surfaces vary from these ideal structures. Most real surfaces have 
grain boundaries which develop during the solidification of 
crystalline solids. These grain boundaries are, in a strict sense, 
defects which exist in the bulk solid and extend to the surface. They 
are atomic bridges linking the crystal structure of the two adjacent 
grains. Because of their role, they do not possess a regular 
structure, they are hig.**y active, and they are very energetic. Grain 
boundaries are large defects that are readily observable on real 
surfaces. In addition to these, tnere are many lesser defects that 
may exist. These include subboundar ies, twins, dislocations, 
interstitials, and vacancies. 

Subboundaries are low-angle grain boundaries where only a slight 
mismatch in the orientation of adajeent grains occurs. When the 
crystal lattices of the adjacent grains are not parallel but are 
slightly tilted one toward the other, the defect is referred to as a 
tilt boundary. When the lattices are parallel, but one is rotated 
about a simple crystallographic axis relative to the other with the 
boundary being normal to this axis, the defect is a twist boundary. 

The twin boundary occurs where there is only a degree or two of 
mismatcii between the twins with Uie twins being mirror images of each 
other. They are frequently seen on the basal planes of hexagonal 
metals with deformation. 

Dislocations are atomic line aefects existing in crystalline 
solids. They may actually be in the subsurface and terminate with one 
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end dt the surface or they may be In the surface, There are those 
dislocations that are entirely alonq a line where an extra half plane 
of atoms exists; these are called edge dislocations. In addition, 
there are str»v dislocations tnat form along a spiral dislocation 
line. The screw dislocation can be seen on the surface as a wedge of 
atoms which Is the terminus of the spiral. The small angle boundaries 
or subboundaries referred to earlier are generally composed of edge 
dislocations. It Is the presence of these defects which causes 
crystalline solids to deviate so markedly from theoretical strength. 

Some of the crystalline defects that may be found on a solid 
surface are presented schematically In figure 6. The vacant lattice 
site (fig. b(a)/ Is simply the absence of one atom from a crystal 
lattice site. The Interstitial (also shown In fig. b(a)) Is an extra 
atom crowded Into the crystal lattice. Edge and screw dislocations 
are shown In figure b(b), and the small angle boundary In figure b(c). 

Mechanically finished surfaces generally have undergone a hign 
degree of strain and thus contain a large amount of lattice distortion 
and a high concentration of dislocations. I«h1le the Initial presence 
of dislocations causes a reduction In strength, their multiplication 
and Interaction during deformation produces an Increase In surficlal 
strength. 

With plastic deformation of real surfaces, the strain produces a 
reduction, generally of the recrystal 1 Izatlon temperature of the 
material at the surface. In many materials the combination of strain 
and temperature can bring about stjrface recrysta 1 1 uat ion, which has 
an annealing effect. Annealing relieves the lattice strain and the 
stored energy, and a sharp reduction In the concentration of surface 
defects results. In a dynamic, nonequilibrium system such as that 
encountered In mechanical activity on surfaces, the surface layers may 
be strained many times, recrystallized, and then strained again. 

The application o. surface forces such as may be associated with 
the techniques used to develop a desired surface topography can. In 
the absence of sufficient energy to produce recryital 1 izatlon, result 
In a lattice strain such as that Indicated In figure 7. The 
application of a surface force normal to the surface, that Is, a 
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(a) Vacancy aid interstitial crystal defects. 
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(c ) SiPall angle boundary composed of edge dislocations. 
Figure 6. - Irystalline defects in solids. 



Figure 7. - Lattice distortion 
under compressed surface stress. 


KiffiCr 



Figure 8. - Surface atoms (sctie- 
matic). Since these atoms are 
not entirely surrounded by 
others, they possess more 
energy than internal atoms. 


compressive force, causes forces and to develop. The 

resultant force normal to the surface, X^, causes distortion in the 
crystal lattice. 


Uit«lST!l> Uf SURFACES 

Cleafi surfaces of solids are extremely chemically active, with 
an elemental metal, for example, liie surface atoms are higfily 
energetic. Tfiey are bound by like atoms everywhere but at the free 
surface. This boundary is depicted schematically in figure 8. 

A copper atom, for example, whicfi lies in a (111) plane in the bulk of 
the solid has a coordination numbei of 1<^; tfiat is, it is bonded to 
its 12 nearest neighbors. That sanie copper atom at the surface, 
however, has a coordination number of only y. It has only nine 
nearest neighbors, tiiree less titan when it is in the bulk solid. 

Thus, the energy that normally would be »ssociated with bonding to 
three additional like atoms is now available at the surface. This 
energy, expressed over an area consisting of many atoms in tite surface 
lattice, is referred to as tiie surface energy. 

Another way of looking at surface energy is to understand it as 
beir.g the energy necessary to generate a new solid surface. This can 
be accomplished by separating adjacent planes in tite solid. The 
energy required for separation is a function of atomic packing. For 
example, with copper, tite atomic packing dertsily is greatest in (111) 
planes (greatest number of nearest neighbors witiiin tite plane). As a 
result, the bonding forces bolweett adjacent (111) planes is least and, 
therefor..-, the surface energy of ru>w (111) surfaces generated, say by 
cleavage, is less than it is for other planes, sucit as tite (110) and 
(100) planes. This lesser birtding strengtit is also reflected in the 
distance between adjacent plattes; the distance is greater between 
adjacent (111) planes than between other planes such as the (llU) and 
(100) planes. 

Because the atoms at the surface have tiiis unused energy, tiiey 
can interact with each other, witii other atoms from the bulk, and with 
species from the environment. One of the tilings tiiese surface atoms 
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Cdn do, becaust' they are tiot bound is rigidly as atoms in tbc bulk, is 
alter their lattice spacing at the surface (fig. y). This is commonly 
called reconstruction. LtED (low-energy electron diffraction) studies 
have revealed reconstructed surfaces in some crystalline solids but 
fiot in others. 

Another event that can occur in solids containing more than a 
single element (e.g., alloys) is for atoms from tiie bulk to diffuse to 
the surface and segregate there. In a simple binary alloy, tor 
example, the solute atom can diffuse from the near-surface regions to 
the Surface and completely cover the surface of tiie solvent. Tiiis has 
been observed for many binary alloy systems including aluminum in 
copper, tin in copper, indium in copper, aluminum in iron, and silicon 
in iron. Tiie process of surface segregation is depicted schematically 
in figure y. 

The segregation mechanism is not really understood. One 
hypothesis is that the solute segregates on the surface because it 
reduces the surface energy. A second theory is that the solute 
produces a strain in the crystal lattice of the solvent and because of 
this unnatural lattice state, ther< is a necessary driving force to 
eject the solute atonis from tne bulk. The result of tiiis is 
segregation at the surface. 

with ionic crystalline solids, surface ciiarging can occur because 
of unequal vacancy energies. Neat surface vacancies in these solids 
may be eitiier positively or negatively ciiarged. Tiie energy associated 
with the formation of these vacancies varies and produces an excess of 
one or the other type of vaconcy wtiich causes a voltage between the 
surface and tiie interior of the solid, liie overall energy of the 
system is decreased where there is an excess of positively charged ion 
vacancies in the solid, and these ions migrate toward the surface, 
when in the bulk (fig. 10(a)), they cause an internal rearrangenient of 
vacancy charges (fig. 10(b)) such tnat the positive charge exists near 
the surface, and the Debye charged layer forms. Tins layer has no 
effect on the behavior of the solid surface, as, for example, in its 
interaction with adhesive. 
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(b) Segregation. 


figure y. - Po'.sil)!* cfiemicdl surface events. 
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Figure 10. - Formation of Debye layers in ionic crystals due to unequal 
vacancy-format ion energies witfi t~ Positive-ion vacancies 

are represented by - because of their effective negative charge and 
negative ion vacancies by •♦. (a) Uniform distribution of positive- 

and negative-ion vacancies whicn are present in different amounts 
because of different energies of vacancy formation. Voltage formed 
between the surface and the interior of the crystal, (b) Overall 
energy of crystal is decreased when the excess positive-ion 
vacancies migrate toward the surface to form a Debye space-charge 
layer. Interior of crystal below Debye layer now possesses equal 
numbers of positive-ion and negative-ion vacancies. 
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A great deal of concern must be given to the surface of polymer 
materials just as to metals and ionic solids. There are many 
variables in the preparation process that can alter the chemistry of a 
polymer surface as well as tiie chimiistry of the metal surface - for 
example, topography resulting from the mode of preparation. With 
polymers, ttot only is the physical mode of surface preparation 
important but the environment in wnich the surface is prepared can 
also affect pronouncedly polymer r jce chemistry. 

The effect of the envirottmei* winch polymers are prepared has 
been carefully studied with LSCA (electron spectroscopy for ctiemical 
analysis). LCSA, or X-ray photoemission spectroscopy (XPS), as it is 
currently called, permits chemical analysis of surfaces by measuring 
the energies associated with electron levels in atoms and molecules 
and shifts in electron energies accompanying various chemical 
reactions. It is a surface-sensitive tool. 

Films of tiigh density po iyettiy lene were prepared from powders by 
hand pressing ttie powder between siieets of clean aluminum foil at the 
minimum temperature of iJOO* i to insure plastic flow. The samples 
from the identical powders were prepared 'in three different 
environments: in air, in nitrogen, and, after being pumped down to 

10 torr, in pure nitrogen or argon. The surfaces were examined 
with XPS for both oxygen (0^^) and carbon 

The and spectra corresponding to samples from the 
tfiree modes of preparation are striking (fig. 11(a), (b), and (c)). 

ATK and TIP experiments did not reveal the presence of any oxygen 
function ( C«=0. C-O-C, etc.), and, in fact, the spectra were 
virtually identical. This demonstrates tiie great power of XPS to 
distinguish minute differences in samples wfien sucfi differences are 
localized at or near the surface. Comparison with the data for 
low-density polyethylene and with model monomer systems shows that the 
Ois signal arises from ~ C«0 environments. Tfie three methods of 
preparation clearly indicate that "unoxidized" surfaces may be 
prepared most readily by excluding all traces cf oxygen during the 
pressing stage. Un leaving samples exposed to the atmosphere for some 
time, hydrogen bonds to the surface ^ C«U groups from extraneous 
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water ifi the atmosphere, and 'he peak then act|u1»es the 
characteristic doublet nalurt . Ap.iin, AIK and Ilk do fiot reveal an> 
ctianyes since the hydroyen hondinii is localized at ttie surface 
(ref. 4). 


Liieiiiisorpt ion 

In addition to the char-iictet ist ic of tite solid surface itself, 
tiie surface can interact witii tfie environment. Tins interaction is 
extremely important because it alters the surface ciiemistry, physics, 
metallurgy, and mecfianical benaviur. If a metal surface is very 
carefully cleaned in a vacuu:>i syst»*m and then a gas sucfi as oxygen is 
admitted to tfte system, the gas adsorbs on the metal surface. This 
interaction *^esults in strong bonds being formed between tfte metal and 
tfie adsorbing species. Witfi the t.nception of inert gases, this 
adsorption results in bonding whicti is cnemical in nature, and tfie 
process is referred to as chtmisorpt ion. Tfte process is inoicatcd 
scfuniiat ica 1 ly in figure \c. since adsorbed, tfiese films are generally 
difficult to remove. 

kliere tfte species adsorbing on a clean surface is elemental, tfte 
adsorption is direct. 1 ne atoms in tfie surface of the solid retain 
tfieir individual identity as do tfie atoms of tfie adsorbate; yet eacft 
is chemically bonded to tfie otfter’. when the adsorbing species is 
molecular, chemisorption may be a two-step process: first, 

dissociation of tfte molecule on contact witfi tfie energetic clean 
surface, and tften adsorption of tfu? dissociateo constituents. 

Lfiemisorpt ion is a monc layer process. lurUtermore, the bond 
strengths tfiat exist betweei' tfte -idsorbing species and the solid 
surface are a function of ch mical activity of tfte solid surface 
(surface energy), tfte degree of surface coverage of tfiat adsorbate or 
another adsorbate, the reactivity of tfte adsorbing species, and its 
structure. 

The surface energy of tne solid surface is important because the 
more energetic the surface, the stronger tfie tendency to cnemisorb. 
The effect of surface energy can l»e demonstrated by examining various 
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crystd I luqrdphic planes of a binqle metal. In general, ttie fiigfi 
energy, low atomic density planes ciieinisorb environmental species mucft 
more rapidly thari the fngh density, low surface energy planes. This 
fias been demonstrated experimentally. Hydrogen sulfide adsorbs more 
readily on I 110) and (100) suiface' of copper tfian on (111) surfaces. 

when different solid suit ace n>aterials are considered, adsorption 
differences are also observeti. for example, copper, silver, and gold 
are the noble metals, and man> of tneir properties are considered to 
be very similar. Yet with respect to ctiemisorpt ion of a gas, sucti as 
oxygen, considerable differences are obsetved. Oxygen cficiiiisorbs 
strongly to copper, w«*akly to silver, and not at all to gold. 

The reactivity of the adsorbing species is also very important, 
txainination of the iialogen family indicates ttiat fluorine adsorbs more 
strofigly ttian chlorine, ctilonne more strongly than bromine, and 
bromine more strongly than iodine. 

The structure of ttie adsorbing species is also very significant 
in surface bonding and chemisorption. Ihis can lie demonstrated with 
ttie adsorption of simple hydrocarbons, bomettiing as simple as the 
degree of tiond saturatioii in ttie molecule makes a difference. It 
ethane, etfiylene, and acetyU-ne ar « adsorbed on an iron surface, ttie 
tenacity of ttie resulting chemisorbed films is in direct relation to 
the degree of bond unsaturation. Acetylene is mucti iixire strongly 
bound to ttie surface ttian is ettiylene, which, in turn, is more 
strongly bound ttian is eltiane. Ttu simple explanation for this is 
that ttie unsaturated cartion to carbon bonds break on adsorption and 
bond to the iron. Ttie greater ttie number of carbon to carbon bonus, 
ttie greater ttie number from the tiydrocarbon molecule to iron. 

Compoui <1 formation 

Compound formation on ttie surface of solids is extremely 
important. Ttie naturally occurring oxioes present on metal surfaces 
prevent their destruction wtien in contact witti other solids, 
f urttiermore, their presence can alter deformation behavior. Solids 
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and liquids can rt‘adil> react mUI* clean solid surfaces to form 
compounds, the presence of winch can alter surface properties. 

Chemisorbed films can often interact with a surface to form 
chemical compounds. When tins occurs tiie surface material and the 
adsorbate lose their individual identities and form an entirely new 
substattce with its own propeities. Unlike chetiiisorpt ion, which is 
Simply a monolayer process, const ft ueitts from the environment can 
react with the solid surface by diffusion of the solid surface 
material into the compound and dittusiofi of the environmental species 
into tife film. Tiie compound can continue to thickeii on the surface if 
the film is porous and allows for the two-way diffusion to occur 
(tiq. 12). 

An example of the formation of a porous compouiid on a surface is 
the rust, or iron oxide, produced in the oxidation of iron in a moist 
air environment. The oxidation process continues to consume tiie 
iron. In contrast, the oxidation of aluminum to fonii aluminum oxide 
results in the formation of a thin, dense oxide whicii, because of the J 

film's density, retards diffusion and further growth. 

Metallurgical tffects 

Surface behavior is altered by the presence of grain boundaries 
on the surface of crystal liiu* solids as well as othei' surface 
defects. For example, grain boundaries, iii additioii to having a 
chemical effect because of tiieir high eiiergy, also influence 
mechanical properties. The microfiardness is generally higher in grain 
boundaries tiian it is in the grains (ref. b). Tins hardness effect is 
shown by the data in figure 13 for iron; as the grain boundary is 
approactied, the hardness increases. The liardness is at a maximum 
directly in the boundary. Tiie increase is marked and not marginal. 

The increase in hardness seen in the grain boundary (fig. 13) can 
be explained on the basis of what has already been discussed relative 
to grain boundaries. They are regions of high dislocation 
concenti at ion and lattice strain. Strained metal has a higher 
dislocation concentration than the annealed or strain-free material. 
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Figure 13. - Microhardness traverse across a grain boundary i 
containing 0. 02-percent, oxygen. 


n iron 



and th« concentration generally Increases with Increased deformation 
until such time as recrystal I izat ton occurs. 

Dislocations, like grain boundaries, are higher energy sites on a 
surface than nondtslocatlon areas. It is for this reason that 
strained metal surfaces are chemically more active than are annealed 
or strain-free surfaces. This chemical activity of dislocation sites 
can be demonstrated by a technique called etch pitting. Certain 
chemical agents react on the surface of a material, and. because of 
the more energetic nature (I.e.. greater reaction rates) of the 
dislocations, these sites are preferentially etched. The result Is 
that pits are left on the surface at each dislocation site. From 
these pits It Is possible to Identify the location and concentration 
of the dislocations. The necessary reagents required for etch pitting 
various materials can be found In the metallurigical literature. 

SURFACE FILM EFFECTS 

The properties of solid surfaces are markedly altered by the 
presence of foreign substances. An atomically clean metal surface has 
certain characteristic chemical, physical, and metallurgical 
properties. As soon as something Interacts chemically with that 
surface, those properties are changed. This Is extremely Important to 
understand because most real surfaces are not found In the atomically 
clean state but rather with f11m(s) present on their surfaces, as has 
already been discussed In reference to figure }, 

The wide variations found In the literature for the surface 
properties of materials can be directly attributed to the effect of 
these films. Some surfaces are more strongly Influenced by these 
films than others, and the specific film composition produces varying 
effects. 

The presence of oxides on metal surfaces has been observed to 
produce surface hardening. Roscoe, In some very fine experiments 
conducted In the 1930' s, demonstrated this effect with cadmium oxide 
on a cadmium surface (ref. 6). Since then It has been demonstrated by 
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other investigators who have observed dislocations emerging at the 
surface with the oxide Impeding their mobility. 

While oxides and some films produce surface hardening, other 
surface films Increase ductility. For example, water on alkali halide 
crystals allows an otherwise brittle solid to deform plastically, 
water has the same effect on ceramics. 

Magnesium oxide (MgU) Is normally a very brittle material with a 
surface hardness In the clean state of about 7b0 kilograms per square 
millimeter, when MgU Is cleaved under a hydrocarbon such as toluene 
to exclude moisture, a haroness value of this magnitude Is measured 
for the MgO surface. If, however, the MgO Is cleaved In moist air 
where the freshly generated clean surface can Interact with the 
moisture In the air, a different result Is obtained as Indicated by 
the data In figure 14 (ref. 7). 

Figure 14 presents the hardness of MgO as a function of 
Identatlon time In the two environments, dry toluene and moist air. 

The Increased surface ductility In the presence of water Is striking. 
Not only Is there an appreciable difference In hardness, but that 
difference Increases with Increasing Indentation time. The hardness 
In moist air decreases with increasing Identatlon time; In dry 
toluene, the hardness Is unchanged. It Is this change with time that 
makes the film effect a true surface property and not simply a 
lubricating effect produced by the water. 

In the late 1920's the Russian researcher Kehbinder found that 
the presence of certain organic molecules on the surface of solids 
produced a softening effect (ref. 8). Mechanical behavior was altered 
by these films. Such substances as oleic acid in Vaseline oil are 
examples of the materials examined. This effect Is Important because 
many of the materials studied are commonly found substances. The 
surface softening can be very beneficial In certain Instances such as 
In stopping the formation of fatigue cracks. 


t 



21 


in 





I 


•N0CNT4TI0N TIME IN SECONDS 

Figure 14. - Illustration of time dependence of microhardness of 
cleaned MgO In moist air. 



Figure 15. - F IM of tungsten surface prior to contact (16.0 kV). 




CHARACTtRIZATlOW Of TRIBaOCICAL SURFACES 


MICKOSIOPY 

The nature and character of the surface Is extremely Important to 
understanding the performance of that surface In adhesive systems. 
Microscopy has been, and stIU probably remains, the most common 
technique employed for the characterization of surfaces. The 
magnification of surfaces to Identify structure dates back to at least 
the 16th century. With simple lenses the features of surfaces could 
be magnified 100 times. 

In the 1/00's the optical microscope was developed, and It really 
enabled the effective characterization of surfaces. This microscope 
gave the person Interested In surfaces his most effective tool, and It 
still remains that to this day. The ordinary optical microscope can 
yield detailed surface features at magnifications of about bOO and 
1000 with the aid of oil Immersion. Thus, the character and structure 
of grain boundaries In metals and alloys are readily Identifiable. 

The development of the electron microscope was a notable advance 
because It permitted magnifications from 10 to 100 000. For the first 
time atomistic features of surfaces were Identifiable and rows of 
atoms on the surface could be readily seen. Today, electron 
microscopy Is used routinely to Identify and characterize dislocation 
structures In materials. 

In the 19b0's It became possible to characterize surface 
structures at the Individual atom level with the development of the 
field Ion microscope by Erwin Mueller (ref. 9). At this point In the 
development of research Instrumentation, It must be said that, for 
structural analysis, the field Ion microscope Is the ultimate tool 
because It does Identify Individual atom sites on a solid surface. 
Thus, each Individual white spot In the field Ion micrograph of 
figure 15 represents an Individual atom site with the rings 
representing atomic planes. 

The field Ion microscope has been adapted for use In adhesive 
studies to characterize surfaces. Figure 15 is a photomicrograph of a 
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tungsten surface. The micrograph reveals the atoms and planes. The 
ring Just to the upper right of center Is the (110) olane of 
tungsten, tach row out from the center ring represents the next 
nearest layer of atoms to the surface. The field Ion microscope Is so 
sensitive that It can detect the absence of a single atom from the 
surface or conversely the presence of extra or foreign atoros. 

In recent years the atoni probe has been developed to determine 
single atom chemistry, when used In conjunction with the field Ion 
microscope, the atom probe can characterize the structural arrangement 
of Individual atoms on a solid surface and also determine the 
chemistry of an Individual atom present In the surface. 

ncHlNG 

Etching Is the Interaction of surfaces with chemical agents such 
as acids or bases, with simple metals In the polycrystal 1 Ine form, 
the crystal lographic orientation at the surface of each adjacent grain 
varies. The energies of these surfaces vary and they, therefore, 
react at different rates witii a particular chemical agent. Thus, In a 
crude way, one can distinguish the more atomirally dense surface 
planes fr"m the less dense. Since the more dense planes have lower 
surface energies, they are not as readily attacked as the less dense 
planes. 

Etching can be and has bt*en used very effectively to reveal grain 
boundaries In metals. Grain boun'**r1es are sites of higher energy 
than are the surfaces of the Individual grains and, therefore, they 
are preferentially attacked. Furthermore, different phases In alloys 
etch differently at the surface. The chemical reagents for such 
etching are available In standard metallurgical handbooks. 

In addition to Identifying orientation, grain boundaries, and 
phases, etchants can be used to Identify atomistic defects such as 
dislocations, the line .atomic defects In crystalline materials 
referred to earlier. The proper etchant can not only Indicate the 
concentration of dislocations at the surface but can also reveal their 
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location. Furthermore, etchants reveal the atomic plane on which the 
dislocation lies. 

A wealth of useful Information can be acquired about a surface by 
using the optical microscope and etching techniques. Simple chemical 
spot tests used In conjunction with the foregoing can provide Insight 
Into the chemistry of the solid surface. These tests require using 
readily available chemical reagents which, when applied to the 
surface, reveal the metallic element present In the surface. Many 
standard college chemistry textbooks on Inorganic qualitative analysis 
list the re^ Ired materials. 

The chemical spot test can be used to detect adhesive transfer to 
surfaces where dissimilar materials are In contact. A permanent 
pattern of an elements distribution on a surface can be obtained If 
the chemical reagents are Impregnated In a porous paper such as filter 
paper. This paper Is then pressed against tne surface to be analyzed, 
and the paper Is moistened. A map showing the location of the 
elements then appear on the paper. 

ANALYTICAL SURFACE TOOLS 

The field Ion microscope and the atom probe have already been 
discussed. These tools have been used In adhesive studies to 
characterize surfaces before and after adhesive contacts. 

Many analytical tools have been developed In recent years to 
characterize the real nature of solid surfaces. Some operate on the 
principle of atomic arrangement In the surface layers of crystalline 
solids. One such device Is LEED (low-energy electron diffraction). 
This surface tool can be very useful to those Interested In surfaces. 
It analyzes by an electron diffraction technique the general atomic 
arrangement of the outermost surface layers of a solid. A rudimentary 
understanding of atomic arrariyement helps in understanding Its mode of 
Indicating surface structure. 

With the exception of amorphous carbon, glasses, and some 
polymers, nearly all materials. Including metals, alloys, ceramics, 
solid lubricants, and graphitic carbon, are crystalline. This means 
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that the atoms or molecules are arranged In accordance with particular 
structures that can readily be Identified. These structures are 
mostly cubic and hexagonal. The cubic structure can be further 
subdivided Into face centered cubic and body centered cubic. 

Metals such as copper, nickel, silver, gold, platinum, and 
aluminum have a f ace-centered-cubic structure, while metais such as 
Iron, tantalum, niobium, vanadium, and tungsten have a 
body-centered-cubic structure. A number of metals. Including zinc, 
cadmium, cobalt, rhenium, zirconium, and titanium, have a hexagonal 
crystal structure. 

The atoms making up the faces of the cube for the 
f ace-centered-cubic and the body-centered-cubic structures are 
referred to as the (100) surfaces. They constitute planes of atoms 
that can move relative to each other when the crystal Is deformed 
plastically and are, therefore, also referred to as slip planes within 
the crystal. Under applied stresses these planes (the (100)) are 
frequently one of the sets of planes most commonly observed to slip 
over one another In the body-centered-cubic system. 

The (111) planes are a third set of planes In the cubic system. 
These planes are the ones on which slip and cleavage In 
f ace-centered-cubic materials are most frequently observed. There are 
other planes that may be observed as well. For example. If one were 
to use X-ray diffraction, electron channeling, or some other technique 
to determine the crystallographic orientations In each grain of a 
polycrystal 1 Ine sample analyzed, many different crystallographic 
planes would appear. 

As already mentioned, the (111) planes In the face-centered-cubic 
crystal are the planes of closest atomic packing. The atoms occupy 
the least area for the number of planes Involved, when this 
particular plane is present on a surface. It has the lowest surface 
energy In the face-centered-cubic system and, therefore, is the least 
likely to Interact chemically with environmental constituents. 

The (110) planes In the face-centered-cubic system are the least 
uensely packed. The two outer rows of atoms as well as the center row 
are outermost with the two In-between rows below these. The (110) 
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planes have higher surface energies than the (111) planes and are, 
therefore, much more reactive. Furthermore, because they are less 
densely packed, their mechanical behavior such as elastic modulus and 
microhardness Is also less than Is observed on the (111) planes. 

On any particular crystallographic plane present on the surface, 
the atomic packing can vary with direction of movement. For example, 
on a (111) surface two basic directional packing variations exist. 
Surface energies also vary In these two directions. 

Low-Energy Electron Diffraction (LEEO) 

Low-energy electron diffraction (LEEO) Is a very widely used 
surface tool for characterizing of the surface atomic structure seen 
on crystalline solids. Because the device detects the surface crystal 
structure, single crystals are generally studied, although 
large-grained polycrystals can also be examined. Low-energy electrons 
In the range of 20 to 400 electron volts are diffracted from the 
surface crystal lattice producing a reciprocal Image of the lattice on 
a phosphorus screen. 

Figure 16 contains three LEEO patterns from an Iron (Oil) 
surface. The photograph and pattern In the upper left corner are for 
the Iron surface with oxide removed. Upon oxide removal and heating 
of the Iron In vacuum, the surface of the iron becomes covered with a 
film which produces a ring structure of diffraction spots on the 
surface. Auger electron spectroscopy analysis (which Is discussed In 
tne next section) Identified the surface film to be graphitic carbon. 
Carbon segregates from the iron bulk to the surface. 

when the iron Is argon ion bombarded, the carbon disappears and 
four diffraction spots in a rectangular array representative of the 
clean iron (Oil) surface remains. The carbon has been removed by the 
argon ion bombardment. The iron diffraction spots are not sharp but 
rather are fuzzy and elongated because the argon bombarument strains 
the iron surface lattice. This strain can be removed by a very mild 
heating for a short period and then cooling to room temperature. This 
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Figure 16. - LEED patterns of iron (Oil) surface. 





produces the clean Iron surface diffraction pattern of the lower 
photoqraph In figure 16. 

LEEO can, as indicated, be an effective tool in identifying a 
clean metal surface, its structure, and its condition or state. It 
can also be used to identify the structure of films formed on a clean 
surface. Two polymer forming hydrocarbon molecules produce entirely 
different structures when adsorbed to a clean iron surface. These 
films and their structures are pre'ented in figure 17. The two 
molecules, ethylene oxide and vinyl chloride, each contain two carbon 
atoms; however, one molecule contains oxygen, and the other, 
chlorine. A close-packed structure of ethylene oxide completely 
covers the iron surface. 

Auger Electron Spectroscopy 

Although LEEO is very useful for structural surface analysis, it 
does not give any indication of the chemistry of the surface. For 
this information other surface tools must be used. A very effective 
tool for this purpose Is Auger emission spectroscopy analysis. It has 
the ability to analyze for all the elements present on a surface 
except for hydrogen and helium. It is sensitive to an element such as 
oxygen to surface coverages of as little as one-hundredth of a 
monolayer. It analyzes to a depth of four or five atomic layers. 

The basic mechanism in Auger electron spectroscopy analysis 
involves the use of a beam of electrons just as with LEED, but the 
energy of the electron is higher than with LEED - usually IbOO to 
3000 electron volts. The incident electrons strike the sample 
surface, penetrate the electron shells of the outermost surface atoms, 
and cause the ejection of a second electron called an Auger electron. 
The ejected electron carries with it an energy characteristic of the 
atom from which it came. Thus, if the energy of the ejected electron 
is measured, it is possible to identify its element source. 

The electron energies detected can be recorded on a strip chart 
recorder or on an oscilloscope. The details of Auger emission 
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Figure 17. - LF.ED patterns obtained with two polymer forming 
hydrocarbons on iron (Oil) surface ( lOOO-L exposure). 




spectroscopy analysis and the type of data generated can be found In 
Kane and Larrabee (ref. 10). 

Figure 18 presents an Auger spectrum for an Iron (Oil) surface. 

An ordinary Iron surface with normal surface contaminants present 
yields a spectrum such as that displayed In figure 18. The surface 
contains peaks for the elements sulfur, carbon, oxygen, and Iron. The 
carbon and sulfur have two sources of possible origin: Impurities In 

the bulk Iron which have segregated to the surface or adsorbates from 
the environment. For example, the carbon can arrive on the surface as 
carbon monoxide or carbon dioxide or can diffuse to the surface from 
the bulk. 

The oxygen peak In figure 18 can result from the Iron oxides 
present on the surface or, again, from adsorbates such as carbon 
compounds or water vapor. The three Iron peaks originate from the 
Iron oxides and the Iron metal. 

If the surface represented by figure 18 Is bombarded with argon 
Ions, the surface contaminants sulfur, carbon, and oxygen would be 
knocked off, leaving only Iron to be detected by the Auger 
spectrometer. A low-energy Iron peak appears at the left end of the 
spectrum after the sulfur, carbon, and oxygen have been removed. This 
low-energy peak Is easily lost when the surface Is contaminated and 
Is, therefore, usually seen when the surface Is clean. 

In addition to supplying Information on the Identity of elements 
present on a surface. Auger electron spectroscopy can give Insight 
Into the form In which an element exists on a surface. For example, 
carbon can arrive at a surface from many sources. It can diffuse from 
a bulk metal or alloy and segregate at the surface. It can be present 
as adsorbed carbon monoxide or It can exist In the crystalline form of 
graphite. The form of the carbon can be extremely Important to 
adhesive bonding characteristics. 

Analysis of the shapes of Auger peaks can provide considerable 
Information about the source of an element such as, for example, 
carbon. Carbon peak shape analysis can Indicate whether the carbon 
comes from the bulk solid carbide, adsorbed carbon containing gases 
(e.g., CO or CO,), or graphite. The Auger peaks are all for carbon 


{I«c1n9n fotrgy, tV 

Figure 18. - AEb analysis of iron (011) surface. 
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Figure 19. - AES of carbon segregated at a Mo (110) surface during 
initial cleaning, in CO on a clean Mo (110) surface (Mo-CO), and in 
graphite. 



but their shape differences tend to identify the carbon source. These 
differences can be seen in figure 19 for the various forms of carbon 
on a iron surface. 


X-Ray Photoemission Spectroscopy 

While Auger electron spectroscopy can give some indication of the 
surface structure from which an element came, it is rather, limited in 
this area. Its principal function is elemental surface analysis. 

There are other surface tools that can determine the molecular 
structure from which an element came. One such tool Is X-ray 
photoemission spectroscopy. 

with XPS an X-ray rather than an electron beam is used as the 
energy source. The X-ray beant is moncchromavic, and it causes 
electrons with kinetic energies characteristic of the surface atoms to 
be ejected from the specimen. A spectrum containing the elements 
present is obtained by plotting the total number of electrons ejected 
from the surface as a function of kinetic energy. XPS gives binding 
energies of the elements, and from these binding energies it is 
possible to identify the nature of the compounds in which these 
elements exist. The binding energy of the electrons ejected from the 
surface is determined by the chemical environment and Is roughly a 
function of the atomic charge. 

The binding energy measured with XPS Is altered by changing the 
particular elements bound to the element being examined. This is 
demonstrated for sulfur In the data of figure 20. Elemental sulfur 
(S^) has a characteristic binding energy of 162. S electron volts. 
Negatively charged sulfur (S~^) has a readily measurable lower 
binding energy. When oxygen Is bound to the sulfur, there Is an 
increase in the sulfur binding energy. Furthermore, the amount of 
oxygen bound to the sulfur will affect the observed binding energy. 

The SO” structure has a greater binding energy than the SO" 
which can be used to distinguish between sulfur bound In these two 
states (ref. 11). 
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other Techniques 


A host of surface tools have been developed tor the analysis and 
chemical characterization of surtaces. At the time of this writing, 
the author knows of over 70 such tools. The number will undoubtedly 
have increased by the time of publication of this thesis, ano there is 
no doubt that the number will continue to grow. A few of the nore 
conmonly used techniques are indicated in figure 21. The techniques 
indicated are separated into destructive anu nondestructive classes. 

The nondestructive techniques are nuclear back-scatter inq 
spectroscopy (NBS) and electron microprobe (tM). Auger electron 
spectroscepy (AES), X-ray photoemission spectroscopy (XPS), 
ion-scattering spectroscopy (ISS), and appearance potential 
spectroscopy (APS) are destructive only if sputter etching or depth 
prof i 1 ing is used . 

Two techniques, whicfi are definitely destructive to the surface, 
are secondary ion-mass spectroscopy (SIMS) and glow-discharge mass 
spectroscopy (GDMS). These technique? detect the species sputtered 
from the surface and thus analyze material that has been removed from 
the surface. Ihe details of the operation of these devices can be 
found in reference 10. 

The capabilities of the instruments prestnted in figure 21 are 
set forth generally in table I. All of these devices have certain 
limitations. Note that they can delect all elements except hydrogen 
and helium, can provide excellent chemical identification, have 
sensitivities of surface elements to as little as U.Ul monolayer, and 
give chemical information. Their disadvantage, not indicated in 
table 1, is that ttiey niust be operated in a vacuum. 

Probably the most versatile tool available for use on surfaces 
and the one requiring the least technical interpretation skill is the 
scanning electron microscope (SEM). It is extremely useful to the 
surface analyst because it allows iiim to view depth features on a 
surface such as the asperities or surface irregularities discusseo 
earlier. It can also identify the topography of surfaces wfiere 
adhesion has taken place with adhesives. 
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When the SEN hes Incorporated Into U X*ra> energy olsperdve 
analysis, both topography and chemistry can be determined. The X-ray 
analysis Is not a surface analytical tool but It can provide 
considerable Information Mhere material transfer takes place as In 
adhesion. The effectiveness of this coat>1nat1on can be seen In 
figure 22 where gold contacted and transferred to a single-crystal 
silicon surface. The upper figure Is an SEM photomicrograph of the 
transfer, while the lower Is an X-ray map for gold and reveals that 
the white areas In the upper photomicrograph are gold. 

RaE OF ENVIRONMENT ON TRlBaOGICAL BEHAVIOR 

The environment surrounding practical tribological components can 
play a very strong role In the adhesion, friction, and wear behavior 
of these materials In solid-state contact. For this reason the 
lubrication or tribological system Is frequently referred to as 
consisting of essentially three components. The material surfaces are 
the first to be lubricated whether they belong to a bearing, gear, 
seal, or some other mechanical device; then, there Is the lubricant 
(liquid or solid) that provides the friction and wear reducing 
protective surface films; and finally there Is the environment. The 
environment In many practical tribological systems can have a very 
strong Influence on the behavior exhibited, and In some Instances, the 
environmental constituents when present on surfaces can completely 
mask other effects such as those of the lubricants. 

ADSORBATES AND OXIDES 

In a conventional atmospheric environment, the oxygen present In 
the air Interacts with freshly generated metal and alloy surfaces to 
produce surface films - namely, oxides. These oxides play a very 
strong role In the adhesion, friction, and wear behavior of metals and 
alloys. In the absence of these oxides, very strong adhesion, high 
friction coefficients, and ultimately cold welding of materials from 
one surface to another are observed. If, for example, two normal 
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PHOTOMICROGRAPH 



X-RAY MAP FOR GOLD cs-7fl-709 


Figure 22. - Silicon (111) surface after adhesive contact with gold 
(30 g; 23* C; 10~® N(cm^), 



metal surfaces are taken and placed Inside a vacuum environment with a 
system capable of achieving pressures to 10"^^ torr and the surfaces 
are very carefully cleaned with argon Ion bombardment anl then brought 
Into touch contact, adhesion Itnmedlately occurs of one surface to the 
other. Attempts at tangential motion cause a growth In the area 
adhered at the Interface (I.e., In the real contact area) with an 
ultimate complete seizure of the surfaces one to another, witn this 
occurrence, the surfaces are generally severely disrupted (refs. 12 
and 13). 

When adhered surfaces are separated, the adhesion at the 
Interface between the two dissimilar solid surfaces Is sufficiently 
strong so that fracture does not occur at the Interface but generally 
In the cohesively weaker of the two materials In contact (ref. 14). 

An example of such behavior Is shown In the photomicrograph In 
figure 23. The results shown In figure 23 are for an experiment 
conducted In a vacuum chamber where two solid surfaces were brought 
Into contact and the surfaces had been cleaned In the vacuum 
environment. Adhesion occurred at the Interface, and when separation 
of the solid surface was attempted, fracture occurred In one of the 
two materials, leaving material transferred to the opposite surface. 

The actual area of real contact at the interface can be seen In figure 
23 by a careful examination of the interface region. There are what 
appear to be voids In the Interface region where complete and Intimate 
solid-state contact across the Interface did not occur, however, a 
great portion of ' ‘ e interfacial area does reflect solid to solid 
contact In adhesive bonding. This adhesive bond, that of figure 23, 
was generated when attempting to slide one surface over the other. 

This resulted in growth in the adhered junctions at the Interface 
leaving only a small area where there was no Intimate contact of the 
two solid surfaces. On separation, the adhesive bond at the Interface 
remained intact and fracture occurred In one of the solids as Indicated 
In figure 23 by the rough piece which remained on the solid surface. 

This type of adhesion and transfer behavior Is observed for all 
clean metal surfaces and alloys In solid-state contact. That Is, when 
the environmentally contributed surface films, namely the oxides, are 
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removed, such adhesion is observed with strong adhesion and friction 
coefficients measured in excess of 100 unoer such circumstances. The 
surfaces of solids such as metals and alloys are so sensitive to the 
microenvironment (i.e., the environn>ent in the contact region) that 
the admission of very small concentrations of adsorbates from the 
environment to the solid surface are sufficient to markedly reduce 
adhesion and friction. For example, fractions of a monolayer on the 
solid surface produce a marked reduction in the adhesion and 
corresponding static friction coefficients for metals in contact 
(ref. 15). 

The adhesion, friction, and wear behavior of nonmetal lie 
materials is also markedly influenced by the presence of environmental 
constituents. For example, adsorbates on ceramic materials such as 
aluminum oxide have a pronounced influence on the friction 
coefficients measured for aluminum oxide (ref. lb). 

Polymeric materials are also affected by environmental 
constituents on their surfaces. For example, nylon is a material 
which serves as a good, solid self-lubricatinq material in certain 
mechanical applications. Nylon, however, depends on the presence of 
adsorbed moisture for its effective lubrication - that is, for its low 
friction and wear properties, without moisture, nylon does not 
lubricate effectively and thus is a poor tribological material 
(ref. 16). 

Carbon materials, which are heavily used in mechanical devices 
such as dynamic seals, are extremely sensitive to environment and 
environmental constituents. It was established during world War 11 
that the carbon generator brush materials of aircraft flying at high 
altitude received excessive wear. Careful analyses of the surfaces 
revealed that the excessive wear of carbon materials at high altitudes 
was due to a reduction in the ambient pressure and especially 
reduction of moisture in the environment. Carefully controlled 
experiments in the laboratory subsequently demonstrated that in the 
presence of moisture carbon lubricates effectively and exhibites low 
friction, low wear, and little tendency to adhere. In the absence of 
moisture, however, the carbon exhibits extremely heavy wear and 
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becomes a very poor friction arui wear material. In fact, by simply 
reducing the ambient pressure from 760 torr of air to an ambient 
pressure of approximately 1 torr, a 1000-fold change in wear 
properties is observed. The wear increases 1000-fold with a reduction 
in ambient pressure and a loss of moisture from the environment on the 
wear properties of carbon. Thus, moist e is needed on these surfaces 
and at the interface between two carbon bodies in relative contact in 
motion or between the carbon body in some other material in solid 
state contact (ref. 16). 


LUBkICANT STURCTURE 

If one considers ordinary air as having vapors of hydrocarbons in 
addition to principally oxygen and nitrogen with some water vapor, 
tnen the particular hydrocarbon molecular structure that may be 
present in the environment can have a very pronounced influence on the 
adhesion, friction, and wear behavior of materials in contact. For 
example, careful cleaning of iron surfaces in a vacuum environment 
results in the generation of surfaces that are extremely energetic and 
that adiiere to one another when brought into contact. If, however, a 
small amount of hydrocarbon gas is admitted to the vacuum chamber and 
allowed to adsorb on the clean iron surface, a structure develops on 
the solid surface that provides tiut surface with a protective film. 
Furthermore, clean iron surfaces chemibsorb nearly all hydrocarbons 
(ref. 17). 

The presence of the hydrocarbon film reduces adhesion, friction, 
and wear because the surface energy has been reduced by the 
hydrocarbon molecules on the surface. The surface energy on the clean 
iron surface available for bonding across an interface to another 
solid surface has been taken up in the interaction of the clean iron 
surface with the lubricating molecules absorbing on the surface. The 
particular molecular structure, however, of the adsorbing hydrocarbor, 
also affects tribological behavior; that is, a slight modification in 
the molecule produces sensitivities in adhesion, friction, and wear. 
These slight differences in the molecular structure producing a change 
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In adhesion, friction, and Mear Indicate extreme sensitivity In the 
tribological behavior of material^ to environment and environmental 
constituents. 

This effect can be demonstrated by the adsorption of a simple 
hydrocarboti such as ethylene oxide onto an Iron surface and exposing 
that surface to a different simple hydrocarbon with a slightly 
modified molecular structure, something such as ethylene chloride or 
as Is commonly called vinyl chloride. If clean Iron single-crystal 
surfaces of the same orientation are exposed to equivalent 
concentrations of these two dlfferetit simple hydrocarbons, namely 
ethylene oxide and vinyl chloride, entirely different surface 
structures result. These differences can be seen In the LEEO patterns 
presented In figure 17 (p. 30). In this figure we see the molecul ir 
arrangement In the diffraction pattern tor the adsorbed ethylene oxide 
and vinyl chloride on the iron surface In the two patterns. 

Equivalent concentrations of each specie were provided. Thus, 
everything is constant except for the particular molecular structure. 

In etiiylene oxide there is the basic ethylene structure with 
oxygen present In the molecule; In vinyl chloride there Is essentially 
the same type of structure as that of ethylene but Instead of having 
oxygen, chlorine is substituted, hith this subtle difference In the 
structures, however, marked differences in surface coverage are 
observed In the LEED patterns (fig. 17). with the ethylene oxide, the 
six diffraction spots In an hexagonal array indicate that the ethylene 
oxide molecule was completely masked or covered with the Iron 
surface. There are no diffraction spots seen from the Iron In 
diffraction pattern In figure 17. The close packing of the molecules 
of ethylene oxide on the iron surface provides a very effective and 
continuous S'-;rface film. 

In contrast, with the vinyl chloride, the structure is much more 
open with less than complete surface coverage and with bonding of 
vinyl chloride to the surface. The four bright diffraction spots seen 
in the rectangular array In figure 17 with vinyl chloride absorption 
are associated with the Iron. Thus, vinyl chloride does not cover 
completely and nascent Iron is still exposed at the surface. As one 
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might anticipate, differences in adhesion and friction behavior are 
observed with these two films present, with the eth>lene oxide, the 
adhesive forces are appreciably reduced between two clean iron 
surfaces in contact. Furthermore, the friction forces are less for 
the ethylene oxide on the iroi surface than is observed with the vinyl 
choloride present on the surface. Thus, slight differences in the 
molecular structure of hydrocarbons present in the microenvironment of 
solid surfaces in contact can influence the tribological behavior of 
those surfaces. 


LUBRICANT - ENVIRONMENT INTERACTIONS 

Once a lubricating film has been formed on a solid surface as a 
result of interactions with the environment or by the deliberate 
application of lubricating films to solid surfaces, the presence of a 
lubricant on a surface can be altered or modified by interactions of 
environmental constituents with the surface in the asperity contact 
regions. Sulfur is an element frequently used as an antiwear and 
antiseizure surface film material. When sulfur is present in organic 
molecules or organo-metal 1 ics, it can interact at the solid surface in 
metallic systems to form metal sulfides which provide a minimum of 
adhesion, friction, and wear for lubricated systems. In fact, many 
practical tribological devices rely very heavily on sulfur for the 
formation of protective surface films. 

Metal sulfides, however, that may exist on the surfaces of solids 
as a result of the interaction of lubricating species with the solid 
surface are extreniely sensitive to microenvironmental constituents 
such as oxygen. Tne presence of oxygen at a rubbing interface of two 
surfaces in sliding, rolling, or rubbing contact can change the nature 
of the surface chemistry. The interaction of the oxygen with the 
lubricated surface reduces the metal surface sulfides to form metal 
surface oxides. In fact, if a carefully controlled metal sulfide 
surface is exposed to oxygen, the oxygen can completely displace or 
remove the sulfur from the solid surface with an oxide replacing it. 
This effect is demonstrated in the data in figure 24. 
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In figure 24 the relative Auger peak Intensities are plotted 
where an Auger spectrometer Is used for monitoring the presence of 
sulfur and oxygen on a Iron surface. The data In figure 24 were 
obtained by generating a sulfide film on an Iron surface. This 
sulfide film represents basically a lubricating protective film. The 
Iron surface was then exposed In a clean vacuum system to various 
concentrations of oxygen. As the concentration of oxygen In the 
system continuously Increases (represented In fig. 24 by exposure In 
Langmuirs of oxygen), the Auger peak Intensity for oxygen Increases, 
with Increasing exposures of oxygen, the sulfur peak Intensity 
decreased as Indicated by the data In the figure. Ultimately, at some 
exposure, the sulfur present on the Iron surface was completely 
displaced from the solid surface by oxygen and was replaced by an 
oxide film. There Is a gradual decrease In the concentration of 
sulfur on the surface and a gradual Increase In the concentration of 
oxygen on the surface with continued exposures to oxygen. Thus, 
microenvironmental constituents such as oxygen at the Interface 
oetween two surfaces In contact with sulfide films can completely 
erase the lubricating film that may be present. 

MtCHANICAL - environmental EFFECTS 

In tribological systems, surfaces of two solids are generally in 
contact with either sliding, rolling, or some type of relative motion 
between the two surfaces. In addition, there is some velocity or rate 
of motion associated with the movement of the surfaces relative to 
each other. Furthermore, there Is generally some ntechanical loading 
applied to the surfaces In contact. The presence of these factors, 
namely, relative motion between the two surfaces and the imposition of 
loads on the surfaces in contact, can cause marked changes In the 
nature of the surface chemistry In the presence of certain 
environments, and the environment can affect the wear behavior of such 
systems. For example, for two solid Iron or steel surfaces In contact 
In the presence of a llguld lubricant containing a sulfur additive, 
rubbing of the surfaces under relatively light loads results In the 
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Figure 24. - AES evidence for displacement of sulfur from iron surface 
by Oxygen. 
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Fioure 25. - Sulfur ESCA peaks from wear scars and unworn surface. 



formation of surface films which are generally identified with XPS 
(X-ray p'lotoelectron spectroscopy) as being principally surface 
oxides, with the mechanical activity of the surfaces, relatively low 
wear is observed in the presence of these surface oxides. If, 
however, the load is increased to the point where the 
sulfur-containing additive in the lubricant can interact with the 
nascent iron or steel surfaces as a result of disruption of surface 
oxides, sulfides are found on the surface. In the presence of these 
sulfides, the friction, adhesion, and wear behavior are much higher 
than they are in the presence of the oxides. This effect is 
demonstrated by the data of figure 2b where XPS data are presented for 
surfaces containing oxides and sulfides under three sets of 
conditions: (1) absence of rubbing, (2) mild wear conditions, and 

(3) severe wear conditions. Under mild wear conditions one type of 
surface film is present, while under severe wear conditions a 
completely different type of surface film is present. If the 
sulfur-containing surface film observed in the severe wear conditions 
is exposed to oxygen for eitiier sufficently long periods of time or at 
sufficiently high concentrations of oxygen, data analogous to those 
obtained in figure 24 are observed for these particular films 
(ref. 18). 

In the I930's, Roscoe observed the interaction of the environment 
with metal surfaces. This interaction produced metal oxides which 
altered the mechanical behavior of the metals. In some experiments 
with cadmium crystals, Roscoe found that when cadmium oxide was 
present on the surface, as a result of interaction of the cadmium 
single crystal with oxygen, the mechanical properties were altered. 

The crystal became much less prone to plastic deformation increasing 
its hardness (ref . 6) . 

In contrast to the observations of Roscoe, Rehbinder and his 
colleagues in the 1940 's in Russia observed that the presence of 
certain surface active organic molecules, such as organic acids on 
solid surfaces, made those surfaces much more prone to deformation. 

The surfaces strained more readily and at much lower stress levels 
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than they did In the absence of the surface active organic species 
(ref. 8). 

The Rehbinder work and that of his colleagues have established 
that surface softening can occur for a number of classes of materials 
- metals as well as nonmetals. These surface Interactions of 
environmental constituents with the solid surface not only Influence 
mechanical properties but also tribological behavior (fig. 26). 

Figure 26(a) shows a schematic Illustration of these surface effects 
(ref. 19). It Is a plot of stress against strain for materials under 
normal conditions. It also presents data for surface films 
manifesting the Roscoe effect and surface active liquids representing 
or demonstrating the Rehbinder effect. Figure 2b(a) shows that with a 
surface film present from the Interaction of the environment with a 
solid surface, manifesting the Roscoe or surface hardening effect, the 
stress/straIn curve shows an Increase In the strength of the 
material. In contrast, however, where a surface active specie Is 
present that produces a surface softening or a Rehbinder effect, a 
reduction In the stress required to produce strain Is observed for 
materials when compared to the normal or the Roscoe effect (fig. 26). 

The sensitivity of tribological behavior to the Interaction of 
the environment with a solid surface 1' shown by the data in figure 
26(b). In this figure a wear track width and friction coefficient are 
plotted for a zinc crystal surface, the basal orientation (OUOl) 
surface where a ruby ball slid on tnat surface In a <1010> direction. 
The sliding experiments were conducted In three different 
environments: (1) dry sliding, which represents the equivalent of the 

normal condition of figure 26(a); (2) sliding with an oxidized 
surface, which Is analogous to the Roscoe effect In figure 26(a), 
bearing In mind that Roscoe observed the formation of oxides on 
cadmium while In figure 26(b) the oxides are present on zinc; and 
(3) sliding, friction, and wear behavior of thp zinc surface In 
contact with the aluminum oxide In a 5-percent hydrocholoric acid 
solution. The 5-percent hydrochloric acid solution represents a 
surface-active liquid situation that would produce the Rehbinder 
effect. 
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The data of figure 26(b) indicate that the normal dry surface has 
a track width that Is equivalent to the wear of the surface 
Inmiedlately between the surface oxidized to produce a surface 
hardening or Koscoe effect and the surface softened tu produce the 
Rehbinder effect. The tribological results are analogous to the 
stress/straIn data In figure 2b(a^. 

with the oxide present on the surface In the sliding friction 
experiment, the track width Is much smaller In size than It Is In the 
absence of the surface hardening effect of the oxide. One observes a 
smaller track width because the surface has been hardened by the 
presence of the oxide (as was observed by Roscoe) and this hardening 
reduces the wear to the surface. In the presence of the surface 
active liquid, however, the surface becomes softer or more likely to 
deform plastically under a fixed load. Consequently, the wear track 
generated In the solid surface Is much larger than It Is In the normal 
case or In the case where the oxide Is present on the solid surface. 

Thus, there Is a distinct and definite relationship between the track 
widths observed In figure 26(b) and the stress/straln behavior 
observed In figure 26(a). 

In sliding friction there are two components to the friction 
force or resistance to tangential motion which result In the measure 
of friction coefficients. There Is the friction associated with the 
real area of contact In shear, and there Is the friction associated 
with the amount of plowing of the surface that must take place, with 
the sapphire or rut,, ball sliding on the zinc surface, there Is a 
considerable amount of deformation that occurs to the .'Inc surface. 

The presence of the oxide reduces the amount of plastic deformation 
that may occur to the solid surface, but It increases the strength of 
the surficlal layers which must be plowed. Consequently, the layers 
are more resistance to tangential motion, and this results in an 
Increase In the fricton force. In contrast, in the presence of the 
surface active liquid - namely, the S-percent hyorcchloric acid (fig. 

26(b)) - the Increased plasticity of the surface .educes the resistanc* 
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to tangential motion and the plowing of the zinc by the ruby ball. 

Consequently, a lower friction coefficient Is measured In the presence 
of the surface active liquid mdnifesting the Rehb'nder effect than Is 
observed for the oxidized case representing the Roscoe effect. This 
difference was observed over a range of loads as shown by the data In 
figure 26(b). Thus, It Is apparent, from the data In figure 26, that 
the Interaction of environmental constituents with solid surfaces can 
produce changes In the mechanical behavior of the solid surfaces. 

Those changes In the mechanical behavior of the solid surface are \ 

reflected In changes In tribological behavior (such as friction and 

wear). 


EFFLCT OF LNVIRONMENT UN SaiO>FlLM LUBRICATION 

In addition to the environment Influencing or altering the 
chemistry of solid surfaces and their adhesion, friction, wear, or 
mechanial behavior, the envircnmental constituents can 1nterai> also 
with lubricants (particularly with solid film lubricants) that ina> be 
present on surfaces to alter their observed behavior. 

Molybdenum disulfide and graphite are two of the most common 
solid film lubricants used to reduce adhesion, friction, and wear of 
metals In solid-state contact. Yet, both of these materials are 
extremely sensitive to the microenvironment In their tribological 
performance. For example, molybdenum disulfide Is a much better 
lubricant in a vacuum environment than it Is in an air env1’'onment . 

In contrast, graphite, which lubricates very effectively in air at 
atmospheric pressure, is completely ineffective as a lubricant in a 
vacuum environment. These differences are due to environmental 
constituents - namely, water vapor - that are present on the surface 
of the solids. 

The effect of atmospheric pressure on the friction performance of 
molybdenum disulfide and graphite is indicated by the data In 
figure 27. Friction coefficient is plotted as a function of ambient 
pressure for molybdenum disulfide and graphite. The data show that as 
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the amolent pressure Is reduced toward that of a vacuum of 10*^^ 
torr, molybdenum disulfide goes through a decrease or a marked 
reduction In friction coefficient. The presence of adsorbates, which 
have been pumped off the surface and Identified by mass spectrometry. 
Indicate that the water vapor that Is present on the molybdenum 
disulfide crystallites Is deterlmental to Its lubricating 
characteristics. The frUtlon coefficients are markedly superior In 
the absence of the water vapor than they are In Its presence. 

In contrast to the behavior of molybdenum disulfide (In fig, 27), 
the friction coefficient for graphite Increases as the ambient 
pressure Is reduced from atmospheric to that of a good vacuum. In 
this Instance, the water vapor Is extremely beneficial for the 
lubricating solid su. faces with graphite. Physically adsorbed water 
on the graphite platelets Improves friction characteristics. Using 
mass spectrometry shows that. In a vacuum system, water vapor Is 
liberated by the graphite, and the friction coefficient of graphite 
Increases markeoly with a loss of the water from the solid surface. 
Ultimately, In a vacuum environment, very high friction coefficients 
comparable to those obtained for drying metal sliding are observed for 
the graphite. The graphite becomes Ineffective as a solid film 
lubricant In the vacuum environment and therefore Is never used as a 
lubricant for vacuum applications. Thus, It Is apparent from the data 
In figure 27 that the lubricating properties of solid-film lubricants 
can be altered by a change In the microenvironment at the surface of 
sol Ids In contact. Alterations In the atmospheric pressure and 
atmospheric constituents can destroy the lubricating properties of 
graphite but can improve the lubricating properties of molybdenum 
disulfide. The data in figure 27 again Indicate the extreme 
Importance of microenvironment on the behavior of tribological systems. 

CONaUSIONS CONCERNING ENVIRONMENT 

It can be seen that the microenvironment plays a very strong role 
in tribological behavior of materials In contact. Oxygen from a 
normal air environment Interacts with solid metal surfaces to provide 
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a continuously protective surface t 1 tm and to keep metal surfaces from 
adherinq to one another. Naturally occurring oxides are probably the 
best natural solid-film lubricants we have. They are provided to us 
by the environment. 

hydrocarbons adsorbed from the environment on solid surfaces 
alter adhesion, friction, and wear behavior, and minor differences In 
molecular structure produce marked differences In tribological 
behavior. Furthermore, environmental constituents can completely 
displace lubricating films from solid surfaces, thus altering 
adhesion, friction, and wear behavior. 

Mechanical activity of solid surfaces In contact can produce 
Interactions with environmental constituents to alter surface 
chemistry and mechanical behavior. This alteration In surface 
chemistry and In mechanical behavior alters tribological performance. 

The presence ef environmental constituents, such as water vapor, 
can markedly alter the lubricating characteristics of solid-film 
lubricant materials. Molybdenum disulfide can be Improved In Its 
lubricating characteristics by reducing ambient pressures and 
el Imlnating moisture from the environment. Graphite, however, becomes 
Ineffective as a solid-film lubricant once moisture from the 

\ 

environment Is removed. 


SOLlu-STATL INTERACTIONS 
METAL TO METAL 
Clean Metal Adhesion 

Ferrous-base alloys are the most widely useo materials In 
lubrication mechanism design and In engineering practice. Frequently, 
in such devices ferrous surfaces are contacted by nonferrous 
materials. The adhesion behavior of ferrous surfaces with nonferrous 
surfaces is therefore of practical as well oS fundamental Interest. 
Combining LEED with Auger emission analysis can provide insight into 
both the structural and chemical changes that take place on surfaces 
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as a result of the adhesion of various metals to Iron. The nature of 
the adhesion process can be followed at the atomic level. 

To gain Insight Into the Interfacial bonding of metals to one 
another across an Interface, Iron was brought Into solid-state contact 
with a variety of metals, and the adhesion behavior was studied. The 
metal surfaces were atomically cleared by Ion bombardment prior to 
contact, and the surfaces were characterized by LEED and Auger 
analysis. Adhesion data for Iron In contact with Itself and va*‘1ous 
other metals together with other properties of the metals are 
presented In table II. 

An examination of table II Indicates that the strongest adhesion 
bond forces are found for Irofi adhering to Itself. Thjs, the bending 
forces of cohesion, the bonding of a metal to Itself, are greater than 
the binding forces to other metals. It Is of Interest to note that 
even with metals such as lead where there Is no solubility In Iron, 
strong bonding occurs as It does with gold, which Is a relatively 
nonsurface active metal. 

Adhesion experiments were conducted with the (UUOl) surface of 
cobalt and the (111) surface of nickel contacting the Iron (Oil) 
surface. Cobalt has a hexagonal-close-packed structure, and nickel 
has a face-centered-cubic structure. The adhesion results obtained 
together with some other properties of these metals are presented In 
table II. Both cobalt and nickel have approximately the same cohesive 
energy and atomic size. They have Identical valency states. Cobalt 
exhibits 35-percent solubility before ordering In Iron, and nickel has 
a solubility of y.5 atomic percent (ref. 20). 

Adhesion results Indicate a greater bonding force for nickel to 
iron than for cobalt to Iron. The Iron surfaces were examined after 
adhesive contact with LEED and Auger analysis. Cobalt was found on 
the iron surface. Indicating the fracture of cobalt cohesive bonds. 
Nickel was not found on the Iron surface. A larger nickel (111) flat 
was used, and adhesive contact was made to the nickel (111) surface 
with a S.Onnl 1 1 Imeter-dlameter Iron (Oil) surface. The nickel surface 
was examined with LEED and Auger after adhesive contact, and Iron was 
found to be present on the nickel surface. 
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An examination of the cohesive energies for Iron, cobalt, and 
nickel In table II Indicates that they are nearly the same, but 
differences In adhesive forces to Iron exist. The cohesive energies 
do riot, however, reflect orientation effects. The values In table 11 
reflect an average of the lattice cohesive energy for each of the 
metals. The minimum for cohesive energy In cobalt would exist between 
atoms In adjacent basal planes. This may account for the lower 
adhesive forces of cobalt to Iron than for nickel to Iron. The 
cohesive forces between (OOUl) planes In cobalt would be less than the 
forces between (111) planes In nickel. 

The outer electron configuration and thus the electrons that 
would enter Into adhesive bonding for these metals are Iron 
3d^4S^, cobalt 3d^4S^, and nickel 3d^4S^. For these 
metals It Is primarily the 3d and 4S electrons that enter Into 
adhesive bonding. It Is these electrons that act as the glue In 
adhesion and impart the chemical activity to metal surfaces. Since 
rnhalt transfers to Iron, It may be assumed that the cohesive bonds In 
cobalt were weaker than the adhesive Iron to cobalt bonds or the Iron 
to Iron cohesive bonds, with nickel, however. Iron transferred to the 
nickel surface; this Indicates that the Iron to Iron bonding was the 
weakest. The adhesive forces of nickel to Iron were less than the \ 

forces of Iron to Itself. Since Iron cohesive bonding Is involved for 
both couples, the differences In adiieslve forces must be the result of 
atomic packing, size factor, and lattice spacing at the Interface, all 
of which would affect the amount of metal involved in Interfacial 
bonding. 

With respect to solubility, cobalt has greater solubility In Iron 
than In nickel (see table II). If solid solubility Influences 
adhesion. It would be anticipated that cobalt and not nickel would 
exhibit the higher adhesive forces to iron. The Hume-Rothery rules 
are more closely met with nickel. Yet, the data Indicate just the 
opposite. 
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Adhesion of Noble Metals to Iron 


Copper, silver, and gold were brought Into adhesive contact with 
the (Oil) surface of Iron. The noble metal plane contacting the Iron 
was the (111). Adhesion results obtained are presented In table II. 
Copper, the most chemically active of the noble metals, exhibited 
greater than twice the adhesive force to Iron than did the other two 
metals. 

While all three noble metals are hyperelectronic (excess of 
electrons) and should develop strong bonds with either hypoelectronic 
(electron deficient) or buffer elenients, there Is a difference In the 
degree of Interaction or chemical activity with Iron. Copper exists 
In valency states of both 1 and 2, the latter being the more common, 
while silver and gold exist primarily In a valency state of 1 
(table II). Copper, silver, and gold transferred to a clean Iron 
(Oil) surface. All three noble metals transferred to Iron In an 
orderly mar.ner with the surface structure being the same for all three 
noble metals as Indicated by the LEED patterns In figure 28. 

The solubility of these three noble metals In Iron Is relatively 
low (table II). Despite the very limited solubility of these elements 
in Iron, their adherence to a cleari Iron surface was very strong. It 
varied from 2.5 times the applied normal load for gold to 6.5 times 
the applied load for copper. 

A platinum (111) surface was brought into adhesive contact with 
the Iron (Oil) surface, and the adhesion forces measured are presented 
In table 11. while having a relatively good solubility In Iron, the 
adhesive force measured was appreciably less than that measured for 
nickel where the solubility is less than half that of platinum In 
Iron. Platinum, however. Is not as chemically active as nickel. 

The very chemically active metal, aluminum, was brought Into 
adhesive contact with iron, the (111) surface of aluminum contacting 
the (Oil) surface of iron. Tne adhesive forces measured were very 
large (table 11). The force of adiiesion was 12.5 times the applied 
load. The forces of adhesion measured between Iron and aluminum were 
greater than those between iron and any other metal examined In 
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Figure 28. - LEED photographs of Iron (Oil) surface after adhesion of 
noble metals. 





table I with the exception of iron itself. Alumir.un* is a 
hypoelectronic element, and strong interaction of hypoelectronic 
elements with iron might be expected. 

The coiiesive energy for aluminum in table II indicated that it is 
in the same general range as copper and silver and, consequently, the 
contact area with deformation under load might not be too greatly 
different. This is particularly true since all three are 
face-centered-cubic metals with the same surface orientation. The 
adhesion values are, however, markedly different. The adhesive forces 
of aluminum to iron were greater than four times the value for silver 
and nearly twice the value observed for copper. The difference in 
these three face-centered-cubic metals is the chemical reactivity of 
the surfaces. Aluminum is more reactive than copper, which in turn is 
more reactive than silver. This is reflected in the valency states of 
these metals in table II. Aluminum has a normal valency state of 3, 
copper 1 and 2, and silver normally 1. 

The solubility of aluminum in iron is 22 atomic percent. The 
solubility of platinum in iron is 20 atomic percent. Despite this 
similarity of solubility in iron, the adhesive forces of aluminum to 
iron were 2.5 times the adhesive force of platinum to iron. The 
differences in cohesive energies for the two metals would indicate a 
greater contact area for aluminum than for platinum. It is of 
interest to note that, even whore aluminum is insoluble in an element, 
surface interactions can take place with stable bonding. Ordered 
phase surface structures as a result of bonding of aluminum to silicon 
occur. This structure forms despite the fact that the aluminum is 
nearly insoluble in silicon. This again argues against using bulk 
properties to predict surface behavioi. 

Active Metal 

A number of adhesion experiments were conducted with the 
face-centered-cubic metal lead contacting the clean iron (Oil) 
surface. The adhesion forces measured for the various applied loads 
are presented in figure 29. with increasing load, an increase in the 
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force to fracture the adhesive Junction Is observed. The Increase In 
force to fracture with Increasing load reflects the effect of the 
Increase In true contact area, viith the larger applied loads, the 
real area of contact has Increased, and with this Increase Is 
associated an Increase In the number of adhesive bonds developed 
across the Interface. 

When a tensile force Is applied to the adhesive Junction between 
Iron and lead, fracture In the Interfaclal region Is to be expected In 
the area of weakest bonding. This would exist In the lead to Iron 
bonds or In the cohesive bonds of lead. An Auger trace was made of 
the Iron (Oil) surface after adhesive contact with lead, and the 
results obtained are presented In figure 30. The Auger analysis 

Indicates a transfer of lead to the Iron surface. This Indicates that 

the zone of fracture In tension was In the cohesive lead bonds. The 
adhesive bonds of lead to Iron were stronger than were the cohesive 
lead bonds. 

Iron and lead are mutually Insoluble (ref. 20). Despite the 
mutual Insolubility, the adhesive bonds developed between the two 
clean metal surfaces were In excess of 47.0 kilocalories per mole, the 
cohesive bonding energy of the lead (ref. 21). 

The bonding of lead to elements with which It is not soluble Is 
not limited to Iron In adhesion studies. Lead deposited on a silicon 
surface In a monolayer had an Interatomic lead atom to lead atom 
distance of 3.3 A. The bond distance In bulk lead is 3.i> A. The 

Interatomic contraction In the lead Is a result of the strong adhesive 

bonds developed between the lead and silicon. The adhesive bonds 
between the lead and silicon are stronger than are the cohesive lead 
bonds. These strong bonds exist despite the InsolubIHty of lead In 
silicon. 

A tantalum (Oil) surface was brought Into adhesive contact with 
the clean Iron (Oil) surface. The adhesion force measured for an 
applied load of 20 dynes was 230 dynes. Tantalum, much like aluminum, 
exhibited strong bond forces to Iron (see table II). Tantalum, like 
aluminum. Is hypoelectronic and should develop strong bonds with 
iron. The cohesive energy of tantalum Is very high. Indicating that 
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Figure 30. - Auger emission spectrometer trace of iron (Oil) surface 
with adhered lead. 
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with loading the Iron rather than the tantalum may be undergoing 
deformation. 


Surface Films 

If a clean Iron (Fe) surface Is heated to SOU* C and held at that 
temperature for a period of t1»ie, sufficient sulfur (S) diffuses from 
Mithin the Iron to the surface to produce a Fe(Oll) c(^ x 4).$ 
structure. Auger analysis substantiates that It Is sulfur. The 
sulfur has 2 times the lattice spacing of the Iron In the 
direction artd 4 times the lattice spacing In the direction. 

The structure Fe(Oll) c(2 x 4)-S defines the substrate structure, 
the arrangement of the sulfur, and the lattice spacing of the sulfur 
with respect to the Iron. The Fe(Oll) Indicates the 
high-atomic-density Iron atomic plane (Oil). The c In the surface 
structure designation Indicates that the sulfur structure Is 
centered. The (2 x 4) designation Indicates that sulfur has 2aQ 
lattice spacing in the [20] direction and 4^2ag in the [02] 
direction. The S following the (2 x 4) simply Indicates that the 
species Is sulfur. The nomenclature used herein to describe surface 
films Is widely used In the literature. 

Adhesive contact was made to the Fe(Ull) c(2 x 4)-S structure. 

The first effect observed with the sulfur present on the surface was 
that It appreciably reduced the adhesive force of Iron to Itself. The 
second observation was that the adhesive force measured was relatively 
Independent of load over the range of loads examined. The data for 
adhesive forces measured at various applied forces are shown In 
figure 31 (see curve for Fe(Oll) c(2 x 4)-S). It would appear that 
small amounts of bulk contaminants In a metal such as Iron can, when 
diffused to the surface, markedly alter adhesion behavior. 

A clean Iron surface exposed to various amounts of oxygen gas 
produces the same surface concentration of oxygen on the Iron (Oil) 
surface as that with sulfur present. After a number of unsuccessful 
attempts with too much or too little oxygen on the surface and an 
exposure of 0.1 Langmuir, a Fe(Oll) c(2 x 4)-0 structure was obtained 


63 


and adhesive contact to that surface was made. The adhesion results 
obtained for various applied forces are presented In fl 9 ure 31. The 
adhesion forces measured for the oxygen-containing surface were higher 
at all applied forces than were the values obtained on the 
sulfur-containing surface. Furthermore, an Increase In applied force 
on contact resulted In an Increased force required for separation. 

This dependency of adhesion force on applied force Indicates that an 
Increase In Iron cohesive bonding has occurred across the Interface 
with Increasing loads. The Insensitivity of the sulfur-containing 
surface to applied loads may Indicate that the atomic size of the 
surface-contaminating atom may exert some Influence on adhesive 
behavior. The sulfur atom Is more than twice the size of the oxygen 
atom, and since both have a 2 x 4 structure on the Iron, the amount of 
exposed Iron per unit area available for cohesive bonding with sulfur 
present on the surface could be expected to be less. 

Hydrogen sulfide gas was admitted to a vacuum system In a 
sufficient amount to produce a 2 x 4 structure. The exposure required 
to obtain the 2x4 structure was 1.0 Langmuir. The exposure In terms 
of coverage Is Influenced very markedly by the position of the gas 
outlet tube with respect to the crystal surface. When the gas outlet 
tube Is placed very close to the crystal surface, a Langmuir value for 
a specific surface coverage Is markedly different from that obtained 
when the tube outlet Is positioned In the chamber such that the 
Incoming gas does not directly impinge on the crystal surface. 

Sufficient hydrogen sulfide was admitted to the system to produce 
a Fe(Oll) c(2 x 4)-H2$ structure. Adhesive contact was made to the 
surface, and the LEEO pattern after adhesive contact was obtained. 

A considerable change In background Intensity occurred as a result of 
adhesive contact. 

Adhesive forces were measured at various applied forces for the 
Fe(Oll) c(2 X Al-h^S structure, and the results obtained are 
presented In figure 32 (see curve for Fe(Oll) c(2 x Al-H^S). The 
force of adhesion Increased with Increasing load. This result should 
be compared with that obtained for sulfur In the surficlal layer and 
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Fl 9 ure il. • Effect of oxygen and sulfur on adhesion of Iron (Oil) to 
Itself. Diameter of contacting flat, 3.0 millimeters; contact time, 
10 seconds. 
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Figure 32. - Influence of hydrogen sulfide adsorption on adhesion of 
Iron (Oil) surfaces. Diameter of contacting flat, 3.0 millimeters; 
contact time, 10 seconds. 
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oxygen on the surface In figure 31. It appears that, for equivalent 
surface coverages, namely, a (2 x 4) structure on the (Oil) surface of 
Iron, chemisorbed hydrogen sulfide affords the greatest surface 
resistance to adhesion. Sulfur offers Intermediate surface 
protection, and oxygen the least surface protection. 

The lower adhesive forces of Iron bonding to Iron In the presence 
of hydrogen sulfide may In part be a steric effect. An examination of 
atomic attractive energy between like atoms reveals that It Is a 
function of Interatomic spacing (ref. 22 ). The Iron (Oil) surface 
next received a hydrogen sulfide exposure of 10 Langmuirs. Adhesion 
measurements were made for this surface at various loads, and the 
results obtained are presented In figure 32 (see curve for Fe(Oll) 
c(l X 2)-H^S). with greater surface coverage, the adhesive force 
decreased from the values obtained with the (2 x 4) surface coverage, 
as might be anticipated. Furthermore, th^re appears to be a greater 
Independence to the contact force applied. 

with prolonged exposures of the Iron surface to hydrogen sulfide 
(50 Langmuirs), full monolayer coverage of the .ron (Oil) surface was 
observed. The surface structure pr'Hluced a close-packed surface 
arrangement. The suggested arrangement of the hydrogen sulfloe on the 
Iron (Oil) surface Is shown In figure 33. Further exposures to as 
much as 100 Langmuirs produced no change In the surface structure. 

The adhesion forces to this surface wore the least of those measured, 
as shown by the data In figure 32. These data Indicate that adhesive 
force Is a function of surface coverage - the greater the coverage, 
the lower the adhesive force. 

Subsequent heating of the Fe(0ll)-(1 x U-h^S surfar*' to 500* C 
did not produce a change In the surface arrangement but simply 
Intensified the diffraction spots. Heating to this temperature should 
produce a decomposition of the hydrogen sulfide to form Iron sulfide 
and liberate hydrogen. Tfse pressure In the system rose, and 
diffraction peak Intensities changed. Indicating the liberation of 
hydrogen. Adhesion measurements revealed no change In the adhesion 
forces. These results suggest that the adsorbed close-packed 
monolayer of hydrogen sulfide Is present on the Iron (Oil) surface 
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Figure 33. - Suggested arrangement of hydrogen sulfide or iron (Oil) 
surface with monolayer coverage. Sulfur coverage is over entire 
surface although only small portion is shown. 
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Figure 34. - Friction force as function of load for gold (111) single 
crystal sliding on platinum (111) single crystal. Sliding velocity, 
0.7 millimeter per minute; ambient pressure, 1.33xlO~® newton per 
square meter (10~10 torr); and temperature, 23* C. 


with th(> sulfur directly In cuntact with the Iron and the hydrogen In 
an upper layer. Decomposition simply removes the hydrogen layer and 
leaves the sulfur close-packed layer on the Iron surface. 

Friction and Surface Films 

In addition to the adhesive behavior of metals In solid-state 
contact, the resistance to tangential motion of such surfaces Is of 
Interest. The effect of surface contaminants and or lubricants on 
that resistance Is also Important. 

The members of the platinum mt>tals family offer properties 
amenable to both friction and lubrication studies. The metals of the 
platinum metals family of elements and their alloys have been used 
extensively In electrical contacts - both the make and break type and 
sliding or rubbing contacts (ref. /J). The elentents Involved are 
ruthenium, rliodlum, palladium, osmium. Iridium, and platinum. Their 
atomic numbers are, respectively, 44, 4b, 4t>, 7o, 77, and 7b. 

The platinum metals. In general, are not very reactive with 
environmental constituents and lubricants. They are good catalysts 
and have been found In electrical contact studies to Initiate 
polymerization of environmental organic vapors (ref. H4). The 
adhesion, friction, and lubricated behavior of these metals as a group 
has not been explored. Such a study could facilitate the proper 
selection of these metals In contact applications. 

In practical electrical contact systems these metals are 
generally not used In contact with themselves but rather In contact 
with some other metal or alloy. Many of these systems used In the 
aerospace Industry must operate In a vacuum. Frequently, the 
contacting mating surface Is either copper or one of the other noble 
metals, gold or silver. 

The data In figure 34 wt're for gold sliding on clean platinum. 

The Auger spectroscopic analysis of the platinum surface after sliding 
Indicated the transfer of gold to the platinum surface with single 
pass sliding. Thus, the friction data (clean) In figure 34 are a 
reflection of the shear behavior of gold. The adhesive Interfaclal 


bond strength Mas stronger than the cohesive gold bond strength. Such 
results are consistent Mith the properties for these two metals and 
the properties normally associated with tangential shear behavior. 

To determine surface film effects on friction, the clean platinum 
was exposed to oxygen at a pressure of b.bbxlO^ ons per square 
meter (50 torr) after the <rn pump was turned off foi 30 minutes. The 
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system was then evacuated to 1.33x10 newton per square meter 
(10"^^ torr), an Auger spectroscopic analysis was made to confirm 
the presence of oxygen on the platinum surface, and a friction 
experiment was conducted at various loads. The Auger trace showing 
the oxygen peak therein Is presented In figure 35. The friction 
results obtalneo are presenteu In figure 34. 

Figure 34 shows a marked decrease In the friction force with load 
for platinum (111) covered with oxygen. Furthermore, beyond a 4-gram 
load no change In friction force was observed with further load 
Increases to lU grams. The amount of oxygen on the surface at 
saturation Is a monolayer or less. 

A LtED analysis of the surface revealed a diffuse pattern. 

A (2 X 2)-0 surface structure as defined In reference 25 has been 
observed for oxygen on platinum (ref. 2b). 

Both platinum and palladium are chemically more active than 
ruthenium, rhodium, and iridium. While surface species such as oxygen 
bonded more readily to metals such as platinum and palladium, they 
showed very weak or no bonding to the other metals as evidenced by 
LEED and Auger emission spectroscopy analysis. The adsorption 
characteristics and friction behavior of the platinum metals with 
various surface conditions are presented In table 111. 

As the atomic number in period 5 containing the elements 
ruthenium, rhodium, and palladium is increased, the contribution to 
bonding of d electrons Is increased. Likewise, a similar behavior Is 
observed In period b with the elements osmium. Iridium, and platinum. 
Thus, stronger bonding of gold to platinum and palladium would be 
anticipated from the valence-bond model when toat model is applied to 
metallic systems. There is no reason not to apply it to metal systems 
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Figure Jb. - Pjger spectrometer trace of platinum (111) surface after 
exposure to oxygen. Total oxygen exposure, 6.6bxl0^ newtons p§r 
square meter (bO torr) for JO minutes; spectrum obtained at 23 C 
and 1.33 x 10“8 newton per square meter (10"^0 torr). 


TAlILt ill. - FRlLlION LOEFFlCltNTS 


OF (’LA11NUM METALS 


Metal 

Metal surface condition 


Clean 

Oxygen 

Vinyl 

Methyl 




chloride 

mercaptan 


Friction coefficient 

Ruthenium (0001) 

1.0 

Jl.O 


ai.O 

Rhodium (111) 

1.0 

1.0 


.8 

Palladium (111) 


.18 

.16 

.lb 

I r 1 d 1 urn (111) 

.4 

.4 

a. 4 

«.4 

Plat Inum (111) 

4.0 

l.O 

.8 

.7 


^Dld not absorb. 
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since It Involves the same basic electronic bonding that Is Involved 
In other systems for which the mode) was originally developed. 

In considering the transition elements a knowledge of the 
contribution of d electrons to metallic bonding Is necessary. 

An examination of the heats of atomization of the elements In the 
periodic table clearly Indicates the Importance of the d electrons 
to bonding. The most stable metallic structures are those which use 
as many d electrons as possible In bonding. 

A consideration of the adsorption of various species to the 
surface of members of the platinum metals family was made. Attempts 
were made to adsorb oxygen, vinyl chloride, and methyl mercaptan to 
these surfaces and to measure the effect of these films on friction 
behavior. The results obtained In these experiments are presented In 
table III. 

Examining table 111 Indicates that variations In friction 
behavior exist for the metals In the clean state and with the surface 
film present where adsorption occurred, with ruthenium, where LEEO 
and Auger analysis failed to reveal the adsorption of any of the 
molecules on the surface, the friction coefficient was essentially the 
same as that for the clean surface is might be anticipated. 

With rhodium, the adsorption of oxygen and vinyl chloride did not 
reduce friction while the adsorption of methyl mercaptan did cause a 
decrease In the observed friction coef f Iclert. The presence of oxygen 
on the Iridium surface did not Influence friction behavior but that 
same film on platinum produced a fourfold reduction In friction 
coefficient as Indicated by the data of table 111 and the friction 
force In figure 33. 


metal to semiconductors 

Clean Surfaces 

When two solid surfaces, a metal and a semiconductor, are brought 
together, contact occurs at the asperity tips as already indicated. 
Either under the weight of the solids or when a load Is applied. 
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depending on the materials, first elastic and then plastic deformation 
occurs In the asperities. Deformation continues until the real 
asperity contact area Is sufficient to support the load; then, at this 
point, deformation ceases, and the resultant real area of contact Is a 
small percentage of the apparent area of contact. 

At sufficiently light loads and depending on the materials, the 
surface films present may not be disrupted by the deformation 
process, with most materials, however, disruption of these films 
occurs with the result that nascent solid surface contact takes 
place. The extent of the contact depends on the properties of the 
solid as well as those of the film. 

The removal of adsorbed films and oxide layers from surfaces, 
such as metallic surfaces, results In very strong Interfaclal adhesion 
when two such solids are brought Into contact as already 
demonstrated. It also occurs with metals In contact with nonmetals. 
For example, when a clean gold surface Is brought Into contact with a 
clean semiconductor surface such as silicon, the adhesive bonds formed 
at the solid to solid Interface are sufficiently strong so that a 
fracture of the cohesive bonds In the gold arj a transfer of gold to 
the silicon surface result. Ihls is Indicated In the photomicrograph 
and X-ray map presented In figure J6. 

In general, when two solid surfaces are brought Into contact and 
adhesion occurs, the Interfacial bond is stronger than the cohesive 
bond In the cohesively weaker of the two materials. On separation of 
the two solids this results in the transfer of the cohesively weaker 
material to the cohesively stronger. Thus, gold transfers to the 
cohesively stronger silicon (fig. 3o). 

Silicon and germanium are both semiconductors with many similar 
properties. 0»»e property in which they differ, however, is their 
cohesive binding energy, germanium being much weaker than silicon and 
having a cohesive binding energy comparable with that of gold. If the 
adhesion experiment In figure 36 is repeated with germanium 
substituted for the silicon, the results presented in figure 37 are 
obtained. 
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PHOrOMICIIOCRAPH 



Figure 36. - Gold transferred to silicon (111) surface after adhesive 
contact. Load, 30 grams; sputter-cleaned surfaces; temperature, 

23* C; pressure, 10“® newton per square meter. 
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The photomicrographs In figure 37 Indicate the contact region 
between the gold and germanium surfaces. Instead of gold transferring 
to the germanium, fracture occurs In the germanium with transfer of 
germanium to the gold. The photomicrograph at a higher magnification 
Indicates chevron-shaped fracture cracks have develooed In the (111) 
crystal surface of the germanium. Thus, the behavior of metal to 
nonmetal contacts Is similar to that observed for metal to metal 
contacts. 

Iron Is cohesively much stronger than germanium and gold. When a 
similar adhesion experiment Is conducted with Iron In place of gold, 
germanium, as would be predicted, transfers to the Iron. Furthermore, 
If a tangential force Is applied to the Iron-germanium contact, the 
resistance to the tangential motion (friction force) reflects the 
fracture behavior. 

Figure 38 presents the friction force recorded with time for the 
Iron sliding (tangentially) along the germanium surface. The trace 
has a sawtooth appearance, reflecting what Is commonly referred to as 
stick-slip behavior. The stick portion Is the adhesion of the solid 
surfaces at the Interface which accounts for the gradually rising 
value of the friction force shown in figure 38. At the point where 
the applied tangential force exceeds the adhesive bond strength or the 
cohesive strength of the cohesively weaker of the two materials, as In 
this case, fracture occurs In the germanium and sliding commences. 

The slip portion reflects this and Is Indicated In figure 38 by the 
periodic sharp drop in the friction force. 

The adhesive bonding force measured for two solids In contact Is, 
as already discussed, a function of the cohesive binding energy of the 
cohesively weaker of the two materials. It Is also a function of the 
real area of contact. The greater the load, the greater the plastic 
and elastic deformation and the larger the real area of contact. The 
adhesive force Increases with Increasing load. 

When tangential motion or sliding Is initiated between two clean 
surfaces In contact, the resultant applied forces In the materials can 
produce material changes other than those associated with adhesion and 
principally tensile fracture. For example, prolific cracking can 
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CS- 78-708 

Figure 37. - Adhesion of (111) gold surface to (HI) germanium surface. 
Load, 30 grams; temperature, 23* C; pressure, 10-° newton per 
square meter. Fracture occurs In germanium. 
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Figure 38. - Friction trace for single-crystal Iron (110) sliding on 
germanium (111) single-crystal surface. Sliding velocjty, 0.7 
millimeter per minute; load, 30 grams, temperature, 23 C; pressure,' 
10“® newton per square meter. 
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occur in a relatively brittle material such as silicon. This fracture 
cracking has oeen for a single-crystal (111) silicon surface after a 
single-crystal (110) iron surface slid across it. 

Surface Films 

Since adhesion plays a role in silicon undergoing brittle 
fracture, lubricating the surface to reduce adhesion should reduce 
crack formation in the silicon. Friction experiments were conducted 
with the silicon surface lubricated with 0.2-percent oleic acid in 
mineral oil. The friction coefficients measured for the lubricated 
iron-silicon contacts at various loads are presented in figure 39. 

The friction coefficient for the lubricated surface was 
relatively unaffected by load. Sliding was extremely smooth with no 
evidence of stick-slip behavior. Furthermore, an examination of the 
silicon surface revealed a complete absence of fracture cracks, ttch 
pitting the surface disclosed a band of dislocations generated in the 
sliding contact region. These are shown in the photomicrograph in 
figure 40 by a series of delta-shaped etch pits. Slip bands also 
appear to the right of the etch pits. 

Plastic deformation of silicon and germanium occurred in sliding 
friction experiments conducted at room temperature. Both silicon and 
germanium are brittle at room temperature, and deformation experiments 
on these materials are usually conducted at elevated temperatures 
(refs. 27 to 29). This is true even in the easy-slip stage 
(ref. 30). Furthermore, with silicon, bond rupture occurs more easily 
than bond shear at room temperature (ref. 31). The dislocations 
generated herein with sliding at room temperature are, therefore, 
unusual . 

Examination of the entire specimen surface revealed a complete 
absence of fracture cracks, indicating entirely plastic behavior of 
the silicon. The only other occurrence we could find of plastic 
deformation behavior of these materials at room temperature was in 
abrasion studies of silicon (ref. 32). In the abrasion studies, 
damage varied with orientation. In some instances, only dislocations 
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Figure 39. - Friction coefficient as function of load for single- 
crystal Iron (110) sliding on a single-crystal silicon (111) surface 
In vacuum and In oxygen and lubricated with 0.2-percent oleic acid 
In mineral oil. Sliding velocity, 0.7 millimeter per minute; 
temperature, 23* C. 



Figure 40. - Etch-pitted wear track made by single-crystal Iron (110) 
slldlno across silicon (111) surface, which was lubricated by 
mineral oil containing 0.2-percent oleic acid. Sliding velocity, 
0.7 mllllmete'* per minute; load, 30 grams; temperature, 23* C; 
environment, argon at atmospheric pressure. 
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were generated; In other Instances, chips and cracks formed In 
addition to dislocations. 

Data for oxygen adsorbed to the Iron and silicon surfaces are 
also presented In figure 39. The presence of oxygen reduces the 
adhesion and correspondingly trie friction coefficient from that 
observed for the materials In the clean state. Dry sliding still 
produces higher adhesion forces and friction than does liquid 
lubrication as Indicated by trie data In figure 39. Consequently, the 
friction at various loads with oxygen Is Intermediate between the 
clean state and the lubricated state. This result Is, In general, 
consistent with the observations for metals In contact with metals. 

METAL ro a ASSES AND CERAMICS 

Certain properties of glasses and ceramics set them apart from 
metals and polymers with respect to adhesion, friction, and wear 
behavior. In general, metals and polymers deform plastically, while 
glasses and ceramics are normally brittle and exhibit little evidence 
for plastic flow. Plasticity affects the real area of contact for two 
solid bodies pressed together. In turn, the real area of contact 
affects adhesive forces, friction forces, and the propensity for 
adhesive wear to occur. 

In a wide variety of situations, glasses and ceramics are not In 
contact with themselves but rather In contact with other materials and 
frequently metals. It Is Important to understand which of the 
materials In contact Is contributing to friction and wear and by what 
mechanism. 

The load or force with which two glass surfaces are pressed Into 
contact affects the real contact area and corresponding friction 
force. In figure 41 the friction force for glass sliding on glass Is 
presented as a function of load In two environments, air saturated 
with water vapor and a vacuum of 10”^^ torr. Friction Is 
proportional to load in both environments. This basic law of friction 
was first recognized by Leonardo de Vinci (1452-lbl9). 
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Figure 41. - Friction force ds function of load for glass sliding on 
glass. Sliding velocity, JO centimeters per minute; load, 100 
grams; temperature, 23 C. 





Figure 42. - Friction force as function of load for aluminum sliding 
on glass. Sliding velocity, 30 centimeters per minute; load, 100 
grams; temperature, 23* C. 


In figure 42, friction force Is plotted as a function of load for 
alumlnijn sliding on glass In vacuum. The curve can be superimposed 
over the one obtained In vacuum In figure 41. The friction force at 
any particular load Is essentially the same for glass sliding on glass 
and aluminum sliding on glass. Similar results have been obtained 
with other metals, such as Iron sliding on glass. This Is explained 
by examining the surfaces after sliding. Wheti sliding on metal, the 
glass undergoes wear Just as It does when sliding on glass. 

Microscopic examination of the metal surface Indicates transfer of 
glass Into the metal surface. Thus, In a vacuum, the metal surface 
becomes charged with glass and ultimately glass Is sliding on glass. 
This Is because Initially the metal adheres to the glass, with 
tangential motion, fracture takes place In the weakest zone. Both the 
adhesive bond and the shear strength of aluminum are greater than the 
force necessary to fracture glass. Thus, glass transfers to the 
metal. What would appear to be an abrasive wear process from an 
examination of only the glass su<^face Is In fact an adhesive wear 
process. Besides the load effect, other mechanical parameters, such 
as sliding velocity, affect friction behavior. 

Most materials are extremely sensitive In their adhesion, 
friction, and wear behovlor to the environment (refs, lb and to 
36). Glasses are no exception. At a 1000-gram load the friction 
force of glass on glass In vacuum Is one-half the value obtained In 
saturated air (fig. 41). 

The results In figure 41 are unusual, however. For most 
materials, adhesion, friction, and wear are greater In a vacuum 
environment; this is the case with metals, carbons, and ceramics. 

The anomalous behavior of glass with respect to friction can be 
explained on the basis of Increased adhesion of glass In the presence 
of water vapor. The adhesion force for glass In the presence of water 
Is more than three times that for glass In the presence of octane 
(ref. 33). 

Metals In sliding contact with glass In moist air are observed to 
transfer to glass. Friction coefficients are then typically from O.b 
to 0.7, depending on the shear properties of the metal Involved. In 
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vacuum, glass transfers to the metal, and friction coefficients are 
approximately 0.5. Thus, while the friction coefficients are not 
markedly different in the two cases, the mechanism is. The difference 
lies in the fracture properties of glass, which are strongly affected 
by water (ref. 37). water impedes fracture and is a manifestation of 
the Joffe effect in an amorphous solid. From the trarsfer 
characteristics observed with metals sliding on glass, it must be 
concluded that the strength of glass under these circumstances is less ^ 

in the absence of water vapor. 

The marked difference in elastic and plastic deformation of I 

ceramics and metals can result in plowing being the principal | 

contributor to measured friction forces. This demonstrated by 
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figure 43. A spherical rider of sapphire was slid on a single-crystal fi 

copper flat. Then, a single-crystal copper rider was slid over a 
sapphire flat. The coefficient of friction for the sapphire sliding 
on copper was 1.5, and for with copper sliding on sapphire, it was 
0.2. In both instances, adhesion of copper to sapphire occurred. The 
differences in friction coefficient are due to the effects of plowing. 

Surface cnemistry also plays a role. Various metals were slid 
over a sapphire flat with the saophire basal plane parallel to the 
sliding interface. With metals that form stable oxides, such as 
copper, nickel, rhenium, cobalt a^d beryllium, adhesion of the metal 
occurred to the surface oxygen ions of the sapphire. 

With these metals fracture took place along the sapphire basal 
cleavage plane. This resulted in plucking out of large particles. 

This indicates that the strength alcng the basal plane was less than 
the bond strength and the metal coherence. The friction coefficient 
for all of the metals with sapphire was essentially the same, 0.2; 
this was dictated by the cleavage strength of the sapphire (fig. 44). 

Metals examined in sliding contact with polycrystalline aluminum 
oxide showed friction coefficients greater than those obtained when 
metals slid on sapphire, exceptions being rhenium and lanthanum. The 
reason was that shear took place in the surface layers of the metal 
rather than fracture occurring in the aluminum oxide, as was observed 
with the single-crystal sapphire experiments. Metal transferred to 
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Figure 43. - Coefficient of friction for copper in sliding contact 
with sapphire in vacuum (10~10 torr). Load, 100 grams; sliding 
velocity, 0.013 centimeter per second. 




Figure 44. - Coefficient of friction for various metals sliding on 
AI 7 O 3 in vacuum (10~^0 torr). Load, 1000 grams; sliding 
velocity, 0.013 centimeter per minute; duration of experiment, 
lour. 




the polycrystal 1 1ne atumlnum oxide disk surface. The shear properties 
of the metal were therefore determining the friction force. 

Differences in the friction coefficients for hexagonal and cubic 
metals in figure 44 occurred because of the differences in the slip 
and shear behavior of the metals. In general, hexagonal metals have 
fewer operable slip systems, shear itore readily, and do not work 
harden rapidly; as a consequence, they exhibit lower friction 
coefficients than cubic metals. Titanium shows complex slip, making 
it behave more like a cubic than a iiexagonal metal, which accounts for 
its striking friction behavior. 

If a metal does not form a stable oxide, the observed friction 
coefficient is lower, with both gold and silver (fig. 4b) the 
friction coefficient of sapphire in vacuum was 0.1 or one-half that 
obtained witii the oxide-forming metals. The sapphire surface after 
sliding revealed no evidence of fracture. The lack of strong 
interfacial bonding between these metals and sapphire resulted in 
shearing of the bonds. From a practical poifit of view, this is tiie 
most desirable area for shear, since both friction and wear are least. 

The crystallographic nature of the metal exerts a marked 
influence on friction beyond simply the crystal structure discussed in 
reference to figure 44. Even with a single nietal, changes in surface 
orientation with sliding and the accompanying changes in associated 
slip systems affect friction. 

From the foregoing it is apparent that adhesive wear, which is 
one of the most severe types of wear encountered with metals, also 
occurs with ceramics and is most pronounced where metals are in 
contact with glasses or ionic solids. In air, metal is generally 
observ»?d to transfer to the glass. In vacuum, where the surficial 
strength of the glass appears to be reduced, glass transfers to metal 
with the result that glass is sliding essentially on glass. 

The adhesive wear behavior of ionic solids in contact with metals 
is strongly dependent on the particular ionic solid involved and on 
its form, with sapphire, for example, adhesion to metals resulted in 
fracture along basal planes in the sapphire and wear to the sapphire. 
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Figure 45. - Coefficient of friction for gold aid silver riders 
sliding on sapphire in vacuum torr). SI iding^velocity, 

0.013 centimeter per minute; ambient temperature, 25* C; duration of 
experiment, 1 hour. 



wUh polytrystdl I ine aluminum oxide, shear took place in the metal and 
the MH‘tal underwent wear. 

The adhesive bonding of the mt'tals to aluminum oxide can be 
related to the orbited energies of the metals and aluminum oxide, for 
the sake of simplicity, it is easier to consider the aluminum oxide in 
the form of sapphire. One may consider the binding electrons involved 
across an interface for metals in contact with sapphire as being that 
ov‘ the antibonding electrons (as has been done K. Johnson of MIT). 

The orbital energies for the metals, iron, nickel, copper, and 
silver are presented together with that for sapphire in figure 4b. 

From a consideration of the data in figure 4b one would anticipate 
stronger bonding of iron to aluminum oxide than of copper to aluminum 
oxide. The friction data in figure 44 indicate a higher coefficient 
of friction for aluminum oxide in the polycrystal 1 inc form with iron 
than with copper. This may result from two effects: first, the 

higher shear strength of iron, and second, the stronger adhesion 
resulting from ,:ss involvement of antibonding electrons (as indicated 
in fig. 4b for iron). 

A comparison of the friction results (fig. 44) for copper in 
contact with sapphire and those (fig. 4b) for silver in contact with 
sapphire indicates that the friction coefficient for copper is twice 
that for silver. Figure 44 shows tiiat the strong interfacial bonding 
fracture occurs in the sapphire, as already stated, and figure 4b 
shows that it occurs for silver at the interface. Thus, the bonding 
is weaker for ilver to sapphire, and this is consistent with the 
orbital energies and antibonding of figure 4b. Silver has less 
antibonding energy than copper. 

McTAl to PaVMER 
Adhesion 

The adhesion of polymers to metal surfaces is of interest with 
respect to both two-body and single-body adhesion - that is, where the 
polymer is the adhesive. Polytetraf luoroethylene (PTFE) has an 
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> extremely loM-surface energy, Is difficult to get to adhere to metal || 

surfaces, and Is, therefore, an Ideal polymer to measure adhesion to \ 

metals. | 

’ The field Ion microscope (FIM) Is a powerful tool for studying J 

y } 

, the adhesion process, particularly of polymers to metals. 

r m i 

i A combination of high magnification and a resolution of 2 to 3 A [ 

^ permits the adhesion process to be studied In atomic detail. || 

^ A series of PTFF-tungsten contacts was made with atomically clean \ 

tungsten contacting PTFE at loads between 20 and 30 grams, and the 1 

• 1 

force of adhesion was measured. Figure lb Is a FIM picture of a clean 

tungsten tip. Figure 47 Is a FIM picture taken after contact for a j 

few seconds with PTFE. Many extra Image points are apparent on the 

post-contact micrograph, particularly on the (110) plane shown In this >' 

^ figure. Adsorbed or adhered atoms can be observed because the 

geometry of the extra atoms on the surface of the flat creates points 

of local lied field enhancement resulting In Increased probability of 

► Ionization and hence greater brightness. Thus, clusters visible In ^ 

, the figure are fragments of PTFE which adhered to the tungsten surface 

after separation occurred. The othc** bright Image spots also 

I represent PTFE on the metal surface but their cluster like nature 

cannot be resolved. The fragments of PTFE have the appearance of the | 

end of a PTFE chain that Is normal to the (110) plane. The fact that 
I the fragments are stable at the very high electric field required for 

' helium-ion Imaging Implies that the bond between the PTFE and tungsten 

' Is very strong; otherwise, field desomtlon of the adhered PTFE would 

I occur. 

To obtain a measure of the bending between the PTFE and tungsten, 
the forces of adhesion were measured In terms of an adhesion 
I coefficient for a number of contacts over varying periods of contact 

’ time. The results are summarized In figure 48. For short contact 

times the forces of adhesion were Immeasurably small. After 
2 minutes, however, the force of adhesion Increased markedly. At 
I contact times of 4 to 6 minutes, adhesion coefficients approchlng 

[ those for clean metals In contact were obtained. 
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Figure 47. - Result of contact of tungsten FIM tip with PTFE. 
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Figure 48. - Adhesion of PTFE to tungsten as a function of contact 
time. 
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A negligible adhesive force Mas obtained when a second contact 
was made with a previously contacted tip. This Indicates that the 
adhesive polymer to metal bond Is stronger than the cohesive polymer 
bond. Polymer radicals can bt* expected to occur as a result of the 
breaking of chains by the chemical Interaction of polymer and metal. 
Thus, for PTFt contacting a clean tungsten surface, the possibility of 
reactive valence states of caruon atoms In PTFE bonding to tungsten 
exists. 

A heavily loaded tungsten-PTFL (approximately three times more 
load, mg) contact gave the rather surprising result that extensive 
deformation of the tungsten occurred. The deformation extended far 
Into the bulk of the material. 

Mechanical contacts with a polylmide polymer contacting tungsten 

.a 

tips were made In vacuum of 10 torr with both light and heavy 
loads. At light loads the results obtained were analogous to those 
obtained with PTFE. Random distribution of bright spots were visible. 
Indicative of polymer fragments adhering to the tungsten. The spots 
(polymer fragments) were particularly heavily clustered on the (llU) 
surface, as was observed with PTFE. 

From the data In figures 47 and 48, It Is obvious that, with a 
low-surface energy polymer such as PTFE, strong adhesive bonding to 
metal surfaces can occur when the metal surface Is clean ana contact 
pressure Is very high. Surface analytical tools such as those 
described earlier are very useful In Identifying the degree of surface 
cleanliness. 

Strong adhesive bond forces can develop between polymer and metal 
surfaces even when the metal surface Is not atomically clean. The 
application of compressive surface forces can act to bring about 
strong adhesive bonding. The pressing of polymeric materials between 
metal foils can cause strong adhesive bonding of polymers to metals 
with normal oxides present on the metal surfaces. 

When high-density polyethylene Is pressed against aluminum foil, 
ESCA or XPS analysis of the surface reveals transfer of the 
polyethylene to the aluminum surface. This transfer Is demonstrated 
by the data In figure 49. In the figure there are two XPS spectra. 
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The upper one is for the dlumiiium surface before being pressed by the 
high-density polyethylene, ano the lower spectrum Is for that sante 
surface after It was peeled away from the high-density polyethylene. 

The main points that emerge from these studies are that the oxide 
layer In commercially produced foil Is typically *20 A thick and that 
a tenaciously held hydrocarbon-type layer Is present at the surface 
that Is not readily re"’.oved by either degreasing treatment or by 
heating under very high vacuum conditions. XPS, therefore, provides a 
convenient tool for Investigating the nature of the peeled surfaces. 
Figure 4V shows the and Al^p levels tor the surface of 

the^alumlnum foil used for pressing the polyethylene sample b of 
figure 11(b). (It should be stated that no trace of Al^^ core 
levels could be detected on sample b.) The most significant feature 
Is that both the aluminum ana oxygen core levels are of appreciable 
Intensity In the peeled foil, and this can only be Interpreted on the 
basis that failure occurs very close to the aluminum surface. From 
the relative Increase In the intensity of the peak due to the 
levels (taken In conjunction with an escape depth of 10 A for 
electrons with kinetic energy of *vu8 eV), a reasonable estimate for 
the thickness of polyiiier adhering to the peeled foil would be *10 A. 

The adhesion of PTFf to tungsten In the atomically clean state 
has already been discussed. It has been found that a rubbing action 
between a metal and PTFt surface results In the adhesive transfer of 
polymt tPTFE) to the metal. With the polyethylene In contact with 
aluminum foils, adhesion of polymer to metal was achieved In the 
presence of surface oxides because of compressive loading, a 
mechanical activation of the adhesion process. A similar effect can 
be brought about by tangential motion of PTFE on the metal surface 

[ 113 . 

In figure bO the PTFE film thickness is observed to Increase with 
Increased rubbing speed. An XPS analysis of the PTFE film transferred 
to the nickel surface revealed that the PTFE adhered to the nickel as 
a film and that the film was of the same composition as the bulk PTFE 
polymer. A small amount (<1 percent) of nickel fluoride (NIF 2 ) was 
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Figure bO. 
surface. 
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1. - Friction ipparatus with Auger spectrometer. 
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present on the surface of the nickel, reflecting a chemical reaction 
to a limited extent of the PTFE with the nickel surface. 

Static and Dynamic Friction Contact 

Aug' '' emission spectroscopy (ACS) provides a technique for 
determining the chemical composition of a surface for elements heavier 
than helium with a high degree of sensitivity (I.e., l/l(X)th of a 
monolayer). AES was used In conjunction with a vacuum friction 
apparatus to provide an Instantaneous chemical analysis of a metal 
surface during both statK and dynamic contact with PTFE. The 
experimental apparatus Is shown In figure SI, and further details on 
the technique and equipment are available In the literature (ref. 3ti). 

Transfer of PTFE to atomically clean metals by static contact was 
observed for all metals brought Into contact with PTFE. These 
Included iron, tungsten, aluminum, and gold. An Auger spectroscopy 
analysis showed the transfer of PTFE to these surface. 

The possibility that the transfer of FIFE to metal might be 
adversely affected by the presence of an oxide film on the metal was 
investigated by two methods. In the first method, high-purity oxygen 
was admitted to the chamber after tt:e disk surface had been sputter 
cleaned with the oxygen being chemisorbeo on the surface to monolayer 
coverage. Static contact was then initiated, and again transfer of 
PTFE was observed. Thus, the presence of a monolayer of chemisorbed 
oxygen does not prevent the transfer observed. 

The second method Involved using a preoxidieed aluminum disk. 

It Is known that the natural oxide layer on aluminum is many layers 
thick. Removing the normally present adsorbed carbon dioxide and 
carbon monoxlle by a short sputtering (20 min) exposed the "clean" 
aluminum oxide layer. Static contact was again Initiated, and again 
PTFE was found on the surface. Thus, PTFE transfers to the oxide of 
aluminum as well as to the clean metal. This implies that the 
chemical activity of the substrate was not an Important factor In the 
transfer observed In these static contact experiments. 
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Figure 52 shows the curve of friction coefficient as a function 
of number of passes of the disk for PTFE sliding on atomically clean 
( tungsten and aluminum. The value of 0.06 obtained for PTFE on 

tungsten Is consistent with the values usually reported for PTFE 
sliding on metals In air. The friction for PTFE on aluminum, however, 
rose drastically from 0.08 at the start to over 0.5 In less than one 
[ complete revolution. Severe "machining** of the aluminum disk 

occurred: ir>eta1 cut from the weak track was seen at the rider-disk 

contact 2one and chips of aluminum we'^e seen covering the surface. 

The severe scoring of the aluminum occurred In both the presence and 
absence of an oxide film. 

The results of the study with PTFE polymer In contact with 
tungsten Indicate that polymer transfers to a clean metal surface on 
simple touch contact. The transferred polymer at the high field for 
helium Ion Imaging Implies that the bond of the polymer to the metal 
surface Is chemical In nature, with PTFE It Is hypothesized that the 
bonding Is that of carbon to the metal surface because the carbon to 
carbon bond Is the weakest bond In the PTFE structure and the one most 
frequently seen broken on polymer scission. Furthermore, the carbon 
could readily Interact with the clean tungsten to form bonds stable at 
the Imaging and field evaporation voltages applied In the field Ion 
microscope. 

The chemical bonding of the polymers to the clean metal surface 
necessitates breaking bonds In the organic molecule. Subsequently, 
metal to carbon, fluorine, or oxygen bonds form. Breaking organic 
bonds by metal surfaces Is observed with hydrocarbons contacting 
metals In the field of catalysis. The tendency for such reactions 
should be Increased when the metal surface Is atomically clean because 
of the enhanced surface activity of the metal. 

The effect of loading In the transfer of polymers was examined. 
Larger amounts of polymers were observed with an Increase in load. 

The polymer appears to remain on the tungsten surface In longer chain 
fragments. This indicates that fracture occurred deeper In the 
polymer body than was observed at light loads. When field evaporation 
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was conducted, the polymer chain )eti 9 th that adhered to the tungsten 
could be reduced to that observed with light loads. 

It is of interest also to not«* that preferred orientation of tiie 
polymer chains toward the 2 one of contact has occurred. This resulted 
when the tungsten was pressed into the polymer under load. Adhesion 
of polymer occurred to the tungsten surface. Polymer bonds were 
broken in the bulk and the relative tangential motion of the polymer 
body along tlie radius of the tungsten tip resulted in texturing 
(preferred orientation of chain fragments). 

Polymers and polymer composites are being used increasingly in 
place of metals in rany industries (ref. 39). Consequently, the 
friction and wear bcnavior of polymers and those properties which 
influence friction and wear are increasing in importance. Properties 
of polymers investigated in relation to their effect on polymer 
friction and wear have included film forming tendencies (ref. 40), 
polar nature (ref. 41), deformation behavior (ref. 42), bulk 
mechanical properties (ref. 43), molecular structure (ref. 44), 
transfer behavior (4b), and crystalline transitions (ref. 46). 

Most polymeric materials used in components of lubrication 
systems can and do vary in nwleculcr weight. Furthermore, the 
molecular weight distribution can be different for different lots of 
the same material. It would therefore be desirable to know what 
effect, if any, molecular weight has on the friction and wear behavior 
of polymers. 

Experiments were conducted to examine the effect of molecular 
weight on the friction and wear behavior of a polymer (polyethylene 
oxide) in contact with itself and iron for a range of molecular 
weights (from 100, OUO to 6,000,000). Friction and wear experiments 
were conducted with a hemispherical rider sliding in reciprocal motion 
on a flat disk surface. Reciprocal sliding was at velocities of 0.1 
and 6 centimeters per minute, loads of 2b to 250 grams, and a 
temperature of 23* C in a dry (<20 ppm h^O) argon atmosphere. 

When in contact with iron in one set of experiments, the rider 
was iron and the flat was polymer; and in the second set of 
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exporiments, the rider was polymer and the flat wai Iron. The results 
olitained in these experiments .ire presented in figure b3. 

txamirnnq fiqure b3 reveals tiiat with all three specimen 
combinations the friction coefficient decreased with the increasing 
molecular weight of the polyethylene oxide. The greatest reduction 
occurred with the lower molecular weights. It is apparent from figure 
b3 that, witfi polyethylene oxide, ine higher tiie molecular weigfit, the 
lower the friction. A similar behavior may exist for other polymers. 

The friction coefficient for the polymer sliding on itself in 
fiqure bJ is higiier than it is for i iie polymer in contact with iron. 
Lxaniinat ions of the wear surfaces revealed some differences in wear 
behavior. 

With the polyethylene oxide sliding on itself a number of events 
are seen to take place in tiie cont.n t ione of the surface. In some 
regions a surface gla/e appeared, and tiiis indicated sonie localised 
surface meltinq of the polymer during sliding. This is localized, and 
it aoes not occur over the entire contact region. Two forms of 
polymer removal are also observed. In the first, ribbons of polymer 
material were generated from Kie surface. These ribbons stand above 
the flat surface of the polymir. L.ivities or pits are also observed 
in the rubbing surface. It appears that particles of polymer are 
removed from the bulk. 

In contrast, where the polymet is in sliding contact with both 
iron riders and iron flats, u high degree of localized surface melting 
of the polymer occurs. Surface melting occurred over most of the 
contact zone. 

Likewise, with the polymer rider sliding against the iron flat 
surface, melting of tiie polynier occurs. When the polymer was in 
sliding contact with the iron, there was no evidence of polymer ribbon 
formation or plucking out of polymer from the bulk as was observed 
with the polymer sliding on itself. 

The differences in friction beiiavior seen in figure b3 may be 
explained by the differerices in the surface generated. Wiiere iron 
contacts polymer and melting occurs, lower friction would be observed 
tiian wiien plucking out of the polyi:»?r takes place. Thus, lower 
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Figure 53. - Average coefficient of friction for polyethylene oxide 
polymer sliding on Itself and iron as function of molecular weight 
Sliding velocity, 0.1 centimeter per minute; load, 25 grams; 
temperature, 23 C; argon atmosphere. 



friction miqiit reasonably he anticipated with the polymer in contact 
with iron, as shown by the data in figure 

MtTAL 10 CARBON 

br\iphiti/ed Carbon 

Graphite and carbon-graptiite t)odies are widely used in the field 
of lubrication. Graphite is used as a solid lubricant (refs. 47 to 
49). Carbon-graptiite bodies are us*‘d as components in such devices as 
mechanical seals (ref. bO) and elei trical brushes (refs. 24 and 51). 
Thus, the fundamental adhesion, friction, and wear behavior of these 
materials are of interest. 

It has been demonstrateo in many problem areas that the metal 
surfaces against which carbon materials run can exert a considerable 

influence on the friction and wear. It was decided, therefore, to 

explore the role of varied mating metals for lOO-percent 
electroqraphit ized carbon sliding in vacuum. The results obtained in 
these experiments can be seen in figure i>4. The lowest coefficients 
of friction were obtained tor the carbon sliding on electrolytic iron 

and electrolytic copper. The best wear results, however, were 

obtained with lUO-percent electrograpiiitized carbon sliding on 440-L 
stainless steel. I he greatest wear to carbon surfaces was obtained 
with gold plate and electrolytic silver as mating surfaces. This is 
significant because it was witii tfiese two metals that no visual 
evidence of a transferred cariion film to the metal surface was 
obtained. All the other metal surfaces are "oxide formers," and, with 
all of them, carbon transfer films were present. Sucii transfer films 
have been shown to be essential tor effective lubrication by graphite 
materials (ref. b2). Although tliese experiments were conducted in 
vacuum, residual metal oxides present on the surface have low enough 
evaporation rates to be retained on the metal surface. 
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Figure 5<4. - Effect of mating materials on coefficient of friction 
and rider wear for 100-percent electrographitized carbon in vacuum 
(10"' torr). Sliding velocity, 156 centimeters per second; load, 
1000 grams; duration of experiment, 1 hour. 


Mechanism of Adsorption 


There exist two possible types of bonding of carbon to the 
met i: first, direct bonding with the formation of metal carbides 

(ref. S3), and second, the chemisorption of carbon and carbon oxides 
to the metal oxides. The formation of metal carbides requires 
Intimate contact of carbon and metal. This Is not possible at 
ordinary temperatures and pressures because metal and carbon oxides 
are present on both surfaces and the oxides are thermodynamical ly more 
stable than the carbides. The chemisorption of carbon and carbon 
oxides to metal oxides Is more likely than direct bonding (ref. b4). 
Chemisorption proceeds without extremely high temperatures or 
pressures. In addition, numerous references In the literature 
Indicate the presence of adsorbed films on both carbons end metals 
(refs. 22 and f>5 to 02 ). 

The chemisorption of carbon (C) to the metal oxide ( 0 -M) may be 
achieved with the formation of a complex with carbon being bonded to a 
metal oxide (-C-C-0-M). If the bonds between carbon and oxygen and 
between carbon and the metal are resonating double or triple bonds 
similar to those in the carbonyls, the bond energy binding the carbon 
to the surface Is considerably higher. This type of attachment may 
occur for nascent surfaces generated In the process of sliding. 

When oxygen Is chemisorbed on the carbon surface, as Is generally 
the case, the adsorption may occur by the mechanism considered In 
references 57 and b2. The adsorption of a carbon monoxide type 
structure (resulting from the chemisorption of a single oxygen atom on 
carbon within the carbon surface) on an oxygenateo surface (metal 
oxide) may occur in the following manner: 


00000 OCO 3 OOO 



Metal disk surface From carbon body Metal disk surface 
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The adsorption of a carbon dioxide type of structure (resulting 
froff) the chemisorption of two oxygen atoms on a carbon atom within the 
carbon surface) on an oxygenated surface (metal oxide) may occur In 
the following manner: 



CO2 


0 CO3 0 0 0 


Metal disk surface From carbon body Metal disk surface 


The chemisorption of a carbon monoxide type of structure results 
In the formation of a carbonate with a new site on the metal surface 
exposed for further reaction of the metal with oxygen or other gases. 
The chemisorption of a carbon dioxide type of structure also Involves 
the formation of a carbonate on the metal surface^ with the adsorption 
of a carbon dioxide type of structure, however, no additional sites on 
the metal surface are exposed for reaction or adsorption. 

Adsorption of the carbon monoxide type of structure from the 
carbon body may occur on metal oxides In a reversible manner. With 
this reversible adsorption, the carbon monoxide type of structure can 
be desorbed. Often, however, depending or. the surface to which the 
carbon monoxide Is adsorbed, desorption only occurs by removing oxygen 
from the metal oxide - that Is, by the desorption of carbon dioxide. 
The latter type of reaction Is Irreversible and can leave a nascent 
metal surface. 

Removing these chemisorbed structures from metals like copper, 
nickel, cobalt. Iron, and chromium can involve energy levels of 20 to 
100 kilocalories per mole (ref. b3). The wide range of adsorption 
energies results from the type of bond, which depends on the nature of 
both the metal and the adsorbing species. Once all the active oxygen 
sites on the metal surface have been occupied by carbon atoms or 
carbon complexes, a carbon film can be established on the metal 
surface and the sliding process can become one of carbon sliding on 
carbon rather than carbon on metal. 
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HyroJytIc Graphite 


Pyrolytic graphite prepared by the high temperature detompoMt Ion 
of hydrocarbons affords a source of high purity carbon In graphite 
form. Orientation effects can readily be studied with this material. 
Furthermore, It has many properties which make It an Ideal material 
for use In lubrication systems. 

Generally, as already Indicated, th 2 solid-state contact of 
carbon-graphite bodies Is not against Itself In lubricating devices 
but rather against metals. The Interactions of metals with graphite 
carbon of differing orientations and the effect of surface films on 
those Interactions are, therefore. Important. 

Studies with pyrolytic graphite were to determine the effect of 
(1) orientation, ('<:) reactivity of the metal, and (J) the effect of 
surface films on the friction and wear of metals In contact with 
pyroivtic graphite. Low energy electron diffraction (LLtU), Auger 
emission spectroscopy analysis, scanning electron microscopy (SCM), 
and energy dispersive X-ray analysis (tUXA) were used to characterue 
and monitor surface changes. Gold was the metal selected for study. 

It does not reach cftemically with carbon. 

The pyrolytic graphite used was electronic grade prepared from 
vapor deposition. It was prepared from the decomposition of melfiane 
at <^1U0* C and was then compression annealed at 3000* L under a 
pressure of 200 kilograms per square centimeter. It was macnlned into 
cylinoers b.O millimeters in diameter by b.O millimeters In length 
with the basal orientation parallel to the cylinder axis (prismatic 
orientation) or perpendicular- to the axis (basal orientation) as 
desired. A fresh surface was prepared by polishing witii 600 grit 
abrasive paper. A basal surface was also prepared by cleavage with a 
razor blade. 

The metal pin specimens contacting tne pyrolytic grapiiite were 
single crystal gold. The pins were cylindrical with a 2-millimeter 
diameter and a 2 .0-mi 1 1 Imeter radius on the end (the contacting 
surface). The gold was Vif.yy percent pure. With gold the (ill) plane 
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wds pdrallt'l to the cuntdcttni) interfdce to wUhln * 4 ^*. \nv nietdl 
trystdl contact iny radius Mas clectropoHshed prior to use. 

An apparatus used in this kind of investigation was a vacuum 
system with the capability of measuring a.i)it..ion, load, and friction, 
and also performing Auger and LELD surface analysis. A diagram of the 
apparatus for measuring adhesion, loading, and friction is shown in 
figure bb. 

A ginibal mounted beam projects into the vacuum system. The beam 
contains twe flats machined normal to each c*'ier with strain gages 
mounted thereon. The gold, iron, and tantalum single-crystal pin 
specimens are mounted on the end of the beam. A load is applied by 
moving the beam toward the disk. Load is measured by the strain 
gage. Adhesive forces are measured by moving the beam in the 
direction opposite to which the load was applied (see fig. bb). 

Tangential motion of the pin along the disk surface is 
accomplished through the gimbal assembly. Friction force is measured 
by the strain gage nr***"ial t.^ tnat used to measure load. In the 
present study, full-Sidle deflection on a conventional stri,* chart 
recorder resulted from a 10-gram load. 

Multiple wear tracks could be generated on the disk surface by 
translating the beam containing the pin. Pin sliding was in the 
vertical direction in figure bb. 

In addition to the friction apparatus, the experimental chamber 
also had a LttU diffraction system and an Auger spectrometer. The 
electron beam of both could be focused on any disk site. 

The vacuum system was a conventional vacsorb and ion pumped 
system capable of readily achieving pressures of 10" newton per 
square meter as measured by a nude ionization gage. Sublimation 
pumping was also used. 

It has been generally accepted for some time that the surface of 
graphite contains adsorbed oxygen which can only be removed as tO and 
CO^ by heating to 1000* C in vacuuni (see refs. 64 and bb for 
summaries). Most of these studies concluded that oxygen was present 
on the graphite surface from indirect measurements such as mass 
spectrometry. The XPS studies of references 6b and 67 indicate 


chemisorpt tun uf oxygen tu ttu- surface of graphite with the amount 
adsorbed being sensitive to both oxygen pressure and tfie temperature. 

Auger spectroscopic analyses uf the basal and prismatic 
orientations of pyrolytic graphite were conducted. The results are 
presented In : igure t>b. With tioth spectra the only Auger peak 
detected was that of carbon. The carbon Auger peak occurs at 
212 electron volts and the ox>qen at bll electron volts. If oxygen 
were p-esent on either surface, a peak would occur to the right of the 
carbon peak in figure bb. 

It should be Indicated that Auger spectroscopy analysis Is 
sensitive to oxygen surface coverage to as low as U.Ol monolayer 
(ref. bb). Thus, If oxygen i*. present on either the prismatic 
or basal orientation of pyrolytic graphite. It Is less than 
O.i monolayer. These results are consistent with the observations of 
hart et al. (ref. b9) who found an absence of oxygen chemisorption to 
graphite. 

Sliding friction experiments w«-re conducted with gold as a metal 
In contact with graphite. 
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Gold was selected as a pm material because It Is nonreactive 
with carbon and can be easily cleaned. The gold pin was heated to 
700* C for 1 hour and then cooled to room temper^iture In vacuum to 
anneal it and remove any adsorbed film. It was ..llu on the two 
orientations of pyrolytic graphite in separate experiments. 

Experiments were conducted at 21 * t for various loads and at 
temperatures to 7UU* L. The ♦riction results are presented In 
figure b7. 

In figure b7(a) the coefficient of friction Is unaffected by 
load, but It is nigher ‘or the prlsnatlc orientation at all loads. 

The friction coefficiert on the basal orientation exceeds 0.4, and for 
the prismatic orientation It is O.h. SEM photographs of the two 
surfaces after sliding are presented In figure bb. 
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Figure bb. - Hiqh-vacuum friction and twear apparatus. 
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Figure 5b. - Auger spectra for basal 
and prismatic orlenfations of 
pyrolytic graphite. 


Figure 57. - Coefficient of fric- 
tion as function of load and 
temperature for gold (111) slid- 
ing on pyrolytic graphite. Slid 
Ing velocity, 0.7 millimeter per 
minute; pressure, 10-8 newton 
per square meter. 


ia» BASAL ORIENTATION 



(b) PRISMATIC ORIENTATION 


Figure 58. - Scanning electron micrographs of basal and prismatic 
orientations of graphite after sliding of gold pin across surface of 
both orientations. Sliding velocity, 0.7 millimeter per minute; 
load, 10 grams; pressure, 10“° newton per square meter; 
temperature, 23* C. 
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figure b8(a) indicates the basal orientation of pyrolytic 
graphite after sliding. There was an absence of gold. tiie 
prismatic orientation, however, small spheres of transferred gold were 
observed (see fig. bb(b)). Mute tiie exposed edges of the graphite 
prismatic orientation in figure bb(b). 

The prismatic orientation of graphite is from bUU to 10"^ times 
more chemically active than is the basal orientation (ref. /O). It 
has been indicated that the surface energy for the basal o'lentation 
of graphite is only a few hundred ergs per square centimeter while 
that for the prismatic orientation is bOOO ergs per square centimeter 
(ref. 71). When the basal orientation of graphite is decorated with 
gold to study vacancy loops, tiie gold is found to migrate on the 
surface to steps (ref. Tl). liie stt‘ps are higher energy sites 
(exposure of prismatic planes), and therefore the migration indicates 
stronger binding interaction of the gold with the prismatic planes 
than with the basa: planes. 

The difference in friction coefficients with the two orientations 
of pyrolytic graphite in figure b7(a) and the transfer of gold to the 
prismatic orientation must be relatt'd to binding energies. The reo' ‘i 
for this relationship is that metal transfer to this orientation dO'-s 
not occur in the presence of physically adsorbed films. 

The friction behavior of gold in contact with the two 
orientations of pyrolytic graphite at various temperatures is 
presented in figure b7(b). The friction coefficient for the basal 
orientation continuously decreases with increases in temperature wfiile 
the friction for the prismatic orientation increases with increases in 
temperature. The friction coefficient for the basal orientation at 
700* C is less than half the value at 23* I, while for the prismatic 
orientation the friction has increased twofold over the same 
temperature range. 


Diamond 

Another form of carbon which is of interest to the tribologist is 
diamond. Diamond, the hardest known material, is generally used for 
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machining nonferrous alloys, as abrasive materials (such as 
presintered carbides and teranncs), graphite, fiberglass, and rubber. 

It Is also widely used In the c'lectronics and jewelry Industries for 
very light turning operations on pteclous metals. 

To gain a fundamental understanding of the material removal 
process with diamond. It Is extremely Important to consider Its basic 
material ana tribological properties. Those properties that determine 
and Influence material removal should be considered. 

It Is extremely difficult to expose (111) diamond faces oy 
cleavage In the vacuum chamber for study In situ, and no entirely 
satisfactory cleaning procedure has yet been established for diamond. 
It has been suggested by Lurie and Wllsot) (ref. 73 ), on the basis of 
Auger electron spectroscopic and electron energy-loss measurements, 
that, when diamonds are bombarded with argon ions, their surfaces 
become graphitwed. Thomas and tvans (ret. /4), however, believed 
that this treatment merely cleaned the surface. If Lurie and Wilson's 
conclusions were true, surface graphit Izat Ion of diamond would 
profoundly Influence the tribological properties of the Ion-bombarded 
diamond surface. 

The main features In the vicinity of the carbon Auger peaks of 
the Auger spectra from diamond are shown In figure b9. An Auger 
emission spectroscopy spectrum of tbe single-crystal diamond (111) 
plane obtained before argon Ion bombardment Is shown In figure b9(a). 
The crystal was In the as-received state after It had been baked out 
In the vacuum system. A carbon contamination peak Is evident, and the 
spectrum Is similar to that of an amorphous carbon. The surface was 
next argon Ion bombarded at a J-kilovolt potential under a pressure of 
approximately 7x10”^ pascal for lb, 30, 4b, and 60 minutes. The 
spectrum of the surface after lb minutes has three peaks; this is 
characteristic of graphite. Ibe spectra of the surface after 30, 4b, 
and 60 minutes have four peaks, this Is characteristic of diamond as 
has been demonstrated and as indicated In reference 7b. The peaks 
have been labelled A^ to A^, where A Is used to denote an 
Auger peak. The energies of the peaks In this experiment were 267 to 
269 for A^, 2b2 to 254 election volts for A^, 240 electron volts 
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Figure b9. - Canparison of fine structure of the carbon Auger eniission 
spectra for diamond. 
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Figure 60. - Coefficient of friction as function of percent of metal 
d-bond character for single-crystal diamond [ill] surface in sliding 
contact with transition metals in vacuum. Sliding direction, <llu>, 
sliding velocity, 3x10"^ meter per minute; load, 0.0b to 0.3 
newton; room temperature; vacuum pressure, 10“^ pascal. 
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for and i?JU to electron volts for A^. The Auyer 

spectrum of figure by(d) is essentially the same as that obtained by 
Lurie for a clean surface (ref. 7o). 

Thus, for the adhesion and friction experiments reported herein, 
the surfaces of the diamond were argon ion bombarded for 4b to 
60 minwtes under a pressure of approximately 7x10”^ pascal. After 
this treatment the Auger sptitra of the surfaces were very similar to 
that shown in figure b9(d). 

In the iy4U's Pauling (ref. /o) recognized differences in the 
amount of a d-bond character associated with transition metals. Since 
the d-valence bands are not completely filled in the transition 
metals, the filling of d-electron band is responsible for physical and 
cliemical properties such as adhesive energy, siiear modulus, chemical 
stability, and magnetic properties. The greater the amount or 
percentage of d-bond character that the metal possesses, the less 
active its surface should be. Th< adhesion and friction of metals in 
contact witti ttiemselves can i»e related to ttie ctiemical activity of the 
metal surfaces (ref. 77). I he mote active the metal, the higher the 
coefficient of friction. Ttu* d-v<ilence bond character of the metal 
influences the coefficient ot frntion for metals in contact with 
silicon carbide, or manganese - zinc ferrite, just as it does for 
metals in contact witii themselves (ref. 78). 

The data in figure bU indicate the coefficients of friction for 
some of the transition metals in contact with a single-crystal diamond 
(111) surface as a function I'f thi d-bono character of the metal. The 
data indicate a decrease in friction witli an increase in d-bond 
character. Titanium and zi*"coniuni, which are chemically very active, 
when in contact with diamond exhibit very strong interfacial adhesive 
bonding to diamond. In contrast, rhodium and rhenium, wfiich have a 
very high percentage of d-bond character, have relatively low 
coefficients of friction. I igure 60 also presents the friction data 
for a diamond surface in sliding lontact with a yttrium surface. 
Yttrium gives a higher coeff icient of friction than that estimated 
from data of other metals. Ihis may be due to the effect of oxygen. 

An argon- sputter-c leaned yttrium surface seems to be covered by an 
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oxide surface layer. It is very difficult to remove the oxide surface 
layer from yttrium by argon sputter cleaning for 3U to bU minutes. 

The effects of oxygen in increasing the friction is related to the 
relative chemical ther.nodynamic properties and bonding of carbon to 
oxygen. The greater the degree of bonding across the interface, the 
higher the coefficient of friction. In the case of yttrium, oxygen on 
the surface tends to strongly chemically bond the yttrium to the 
diamond surface (ref. 7y). 

All the metals examined transferred to the surface of diamond in 
sliding. This reflects the strength of the diamond covalent bond. 

All of the metals have lower cohesive energies than the interfacial 
carbon to metal adhesive bond or the carbon to carbon covalent bond. 

bUKFAU: MLTALLUkUlCAL PKUPLi^TItS AFHCTlNb 
ADHLSIUN, FRICTION, AND WEAR 

SURFACL ENtRbY 


If one cleaves a crystalline solid along its cleavage plane, two 
higiily chemically active surfaces are generated. The cleavage process 
causes the fracture of cohesive bonds across tiie cleavage interface, 
and these fractured bonds leave the surface in a highly energetic 
state. The energy of the surface is dependent on botii the elemental 
nature of the bonds broken and the coordination number of tiie atoms in 
the resultant two surface layers. As a result, surface energy is a 
function of the material (ref. 80) as well as the surface orientation 
(refs. 81 to 8b). 

There is no question but that surface energy is inipor'tant in the 
tribological behavior of materials. It influences adhesive bonds for 
solids in contact and hence friction and adhesive wear. In addition, 
it determines the nature of the interaction of lubricants with 
solids. The lubricant may eitiier (1) physically adsorb, 

(2) chemisorb, or (3) undergo decomposition, as has been observed for 
some hydrocarbons with a clean metal surface (ref. 87). Surface 
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energy has been u;>e(l in the fonnuldtion of an adhesive Mear mechanism 
(ref. J6). 

While surface energy can be very helpful in understanding the 
adhesion friction, wear, and lubrication behavior of materials, its 
present usefulness is very limited. The principle restriction has 
been the inability to obtain accurate experimental surface energy 
values. 

An examination of the surface energy literature reveals wide 
disparities in reported values for any one material. Table IV 
indicates the minimum and maximum surface energy values that can be 
found in tiie literature for some of the elemental metals. These data 
were taken from a summary by Wawra (ref. 80). 

While the broad range of values obtained are of concern, the fact 
that, for example, the minimum to maximum for some metals such as iron 
and chromium fall within the range found for tungsten are of even 
greater concern. It would be difficult, based on reported 
experimental data, to identify differences in the surface energy for 
iron, chromium, and tungsten. 

As has already been indicated, the surface energy of solids such 
as metals is sensitive to crystallographic orientation. Most 
researchers conversant in the subject of surface energy readily agree 
that this is the case. Differences arise, however, when actual 
results are compared. The research results of three different 
investigators who have measured the surface energies for various 
planes of f ace-centered-cubic metals are presented in table V. The 
results are presented as the ratio of the surface energies for the 
various planes over that for the (111) surface. 

The results of table V indicate that not only does the value vary 
with the investigator but more importantly the relative order of the 
metals as well (ref. 88). 

One of the most significant reasons for the wide disparity in the 
surface energy values reported by various investigators has been 
inadequate control over the impurities in the materials. Small 
surface concentrations of such contaminants on hydrocarbon can have a 
pronounced effect (ref. 17). Small concentration of impurities in the 
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TABU IV. - VAKIATIUN IN VALUtS OF 


HEPOHUD SURFACE ENERGIES 


E Iwenl 

Surface energy, erys/cni*- 

Temperature, 

Maximum 

Minimum 

Cu 

4^b8 

9b0 

-in 

*9 

I»493 

600 

-273 

Au 

i»b4U 

S90 

-273 

E e 

S267 

1980 

-273 

T1 

<?730 

1330 

2b,-273 

L r 

4U61 

Iblb 

-273 

w 

941U 

1497 

3370 


TABLE V. - STRUCTURAL DEPENDENCE 
OF SURFACE ENERGY ON FACE- 
CENTEREO-CUBIC METALS 


Plane 

Face-centered-cubic metals 

Au,Ag,Cu,Ni 

(a) 

Au 

(b) 

Ni 

(c) 

(111) 

1.00 


1.00 

(100) 

1.047 

1.072 

.95 

(311) 

1.119 

1.065 


(110) 

1.15 

1.047 

1.01 

(210) 

1.16 

1.055 

1.00 


^Reference 84. 
^Reference 86. 
^Reference 83. 
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bulk as Moll can markedly alter the measured surface energy ot a 
material. This is indicated by the data in figure bl for sulfur in 
iron, with an increase in concentration of sulfur, there is an 
accompanying decrease in surface energy (fig. bl). 

Lxtremely small concentrations of bulk contaminant in a metal 
such as iron can have a pronounced effect in contaminating a surface. 
For example, as little as U ppm of carbon in iron diffuses to the 
surface, segregates there, and contaminates it (ref. I/). This 
segregation undoubtedly affects measured surface energies. 

The use of high purity materials and the careful characterization 
of solid surfaces should result in the future acquisition of 
meaningful surface energy values. Surface analytical tools aie 
currently being used tor the needed surface characterization, one 
which iias proven especially useful in this regard is the field ion 
microscope (refs, bb, by, and yu). When used ir conjunction with the 
atom probe, its contribution is enchanced. Alone it gives the atom by 
aton, structural arrangement on a solid surface, but with the atom 
probe, it gives an atom by atom chemical analysis. 

The significant reduction in the energy of the iron surface 
(fig. bl) with the presence of as little as U.b-weight-precent sulfur 
is extremely significant. Iron-base alloys nearly all contain as bulk 
contaminants small amounts of carbon and/or sulfur. Botfi of these 
elements can segregate on the surface of the iron as the sulfur does 
(see fig. bl). What effect does such surface segregation from the 
bulk to the surface with the corresponding reduction in surface energy 
have on tribological beliavior? 

A number of years ago the author prepared some simple binary 
alloys of iron with sulfur and examined their friction and wear 
behavior in a vacuum environment. The object was to see wfiat effect 
(if any) the sulfur would have on friction and wear behavior. The 
alloys contained up to U.4b-weight-percent sulfur. Friction and wear 
data for these alloys are presented in figure bi. 

In figure bi; the addition of as little as U. Ob-weight-percent 
sulfur reduced friction from complete seizure to a value of 0.3. 
Further additions of sulfur to the iron did not further reduce 
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Figure 61. - Dependence of surface energy of liquid iron on sulfur 
content (ref. ti2). 



fl»cfnr suioo* 

Figure be. - Friction and v*ear of sulfur-iron alloys in vacuuni. Sliu- 
ing velocity, 170 centirieters per second; load, 1000 grams, ambient 
pressure, lO"- torr; duration of run, 1 hour. 
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friction. The surface, as was learneo by the author with toe use of 
Auyer emission spectroscopy, was already completely protected with a 
layer of sulfur at U.Ub weujht percent. The wear of the Iron, 
however, continued to decrease with Increases In trie sulfur content 
(fig. bi"). 

The friction and wear data of figure bH were obtained with a 
rider sliding on a disk. The results for the disks and riders after 
sliding are presented In figure 63. The Iron surfaces show evidence 
of adhesion and adhesive transfer. The surfaces of the sulfur 
containing alloy, however. Indicate a relatively smooth sliding 
surfaces. Thus, the presence of sulfur has a very definite effect on 
friction and wear behavior. 


AMORPHOUS metals 

In i960 it was shown that amorphous solid phases could be formed 
by very rapid quenching of certain alloy compositions from the melt. 
This discovery launched a new field of research activity such that now 
there are well over <?U0 alloy systems that have been Identified as 
being capable of quenching Into the amorphous state (ret. yl). These 
alloys are referred to as metallic glasses (refs. and 93). 

From a tribological point of view, these amorphous alloys or 
iiietallic glasses have some very interesting properties. They are as 
hard as standard steels, yet they, unlike silicate glasses, possess 
substantial plasticity, are among the strongest known engineering 
materials, and are tough (resist the propagation of cracks through 
them). Their tribological behavior has not yet been studied. 

Studies were conducted to determine the Influence of the 
amorphous state of certain metaH!, alloys on tribological 
characteristics. Sliding friction experiments were conducted with 
three ferrous-base metallic glass compositions (both lubricated and 
unlubricated) In vacuum and argon. Riders of aluminum oxide, copper, 
and 52100 bearing steel were made to slide on the metallic glass 
surfaces under loads of 0.01 to 0.25 newton and over a range of 
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Figure 63. - Influence of sulfur on Iron on sliding behavior In vacuum. 
Ambient pressure, 10"^ torr. 


lAbtL VI. - PHO»»tKTItS Of MIT All It U.AiSlb<» 


Alloy coiTif;osU ion 

crystal 1 1;ation 
temperature. 

Density, 

g/cm3 

hardness, 
OP a 

Ul 1 imalt* 
lensi le 
strength, 
GPd 

bend 

duct » 1 1 tyl* 


430 

7.bb 

10 

l.b 

I 


4UO 

7.3 

10.3 

.7 

9*l04 


410 

8.02 

10. b 

1.38 

1 


<*Kt*t^rence 9^. 

^’c • t/(o-t): ribbon thickness, t, micrometer spacing at band fracture, d. 
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shotriq velocities of U.^ to lO centimeters per minute. The vacuum 
experiments were cunuucted over a temperature ranqe ot 2b* to bUO* C. 

Three metallic glass compusUlons were examtneo. These 
compositions anu some ot their properties are presented In table VI. 

The alloys were tolls (U.Ob inm thick) used in the cast condition 
except for heat treatments. The riders that were maoe to slide on the 
toils were single-crystal aluminum oxide (sapphire), percent 

copper, and b<?lOO bearing steel. 

— H 

Kr let ion experiments were conducted in argon ano in a 1U~ 
pascal vacuum. The coefficients ot tnetion reported herein were 
obtained by averaging three to tive measurements. The standard 
deviations ot the data are within *4 percent ot the average value. 

In an argon atmosphere, the toils ot the metallic glasses ano tiie 
rider specimen surtaces were scrubbed with levigated alumina and then 
rinsed with tap water, distilled water, and tinally ehtyl alcohol. 
Atter drying the surface with argon gas, the foils were placed in the 
experimental apparatus. The specimen surtaces were brought into 
contact and loaded, and then the friction experiment was started. 

With those experiments conducted in the vacuum ciiambers, XPS data 
were obtained on the specimen surface before ano after sputter 
cleaning. The specimens were heated to the various experimental 
temperatures by resistance heating, and the temperature ot each 
specimen was monitored with a thermocouple. 

Table Vll suniniarwes the surface conditions of the foils analyzed 
by XPS. Generally the XPS results indicate that the surface ot the 
as-received consists of a layer ot oxides 

ot iron, cobalt, boron, and silicon as w>. 1 1 as a simple, adsorbed film 
of oxygen and carbon. The argon- sputter-c leaned surface consists ot 
iron, cobalt, boron, silicon, ano carbon. The surface heated to 
3bU* C consists primarily ot a layer of the alloy, boric oxide, and 
si 1 icon oxide. 

The XPS spectra obtained from the i^Sij foil 

surface are summarized in table VII. The surface conditions ot the 
foil are basically the same as those of the 
already mentioned. Generally the surface of the as-received 
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Sliding ttmatralurt. 


Figure 64. - Coefficient of friction as function of temperature 
for aluminum oxide sliding on Fe^/ComB laSi i and 
^®61B13.5^’3.§(^? alloys in vacuum. Normal load, 0.2 newton; 
si iding’veloc ity, 3 millimeters per minute; vacuum., U)"^ pascal 
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b ^’3 b^2 contains a layer of the oxides of iron, 
boron, silicon, and carbon as Mell as a simple, adsorbed film of 
oxygen and carbon. The argon-sputter-cleaned surface consists of the 
alloy and a small amount of oxides. The surface heated to 350* C 
contains primarily the metallic elemental constituents boric oxide and 
si 1 Icon oxide. 

In situ friction experiments were conducted In a UHV system with 
the surface-treated foil specimens over a temperature range of room to 
350* C. To obtain consistent experimental conditions, the time In 
contact hefoi , sliding was 30 seconds. Both the load and friction 
force were continuously monitored during a friction experiment. 

Sliding velocity was 3x10“ meter per minute with a total sliding 
distance of iJxlO’^ to 3x10”^ meter. 

Experiments were conducted with the foils having the composition 

^®81®13 5^^3 5^2 contact with a 
aluminum oxide spherical rider at temperatures to 350* L with a 

pressure of 1('“^ pascal. The coefficient ot friction as a function 
of temperature for the foils Is presented In figure 64. The foils and 
riders were sputter cleaned at room temperature before heating. The 
coefficient of friction generally Increases with Increasing 
temperature from about 1.4 for ^c^j^CojyBj^Slj and 1.0 for 

'^^81«13.5^’3.54 at room temperature to 2.2 and 1.7 at 
350* t. Although the coefficient of friction remained low below 
250* C, it increased rapidly with Increasing temperature In the range 
of 250* to 350* (. The rapid Increase In friction at temperatures 
from 250* to 350* C may be attributed to an increase In adhesion 
resulting from (1) crystal 1 Ization of the foil and (2) the segregation 
of boric oxide and silicon oxide to the surface of the alloy. 

The experiments herein started with a nearly amorphous surface 
containing some very small crystallites. Crystallization occurs for 
the foil with Increasing temperatures. Crystallized foils are less 
resistant to adhesion and plastic flow than are the amorphous 
surfaces. The general Increase In friction at elevated temperatures 
Is then due to the increased adhesion and plastic flow In the contact 
area. 
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As dlreddy mentioned, at 3bO* C the foil surface was contaminated 
with boric oxide anu silicon dioxide which had migrated from the bulk 
of the foil specimen to the surface. The oxioe to oxide (Al^O^ 
rider) interactions produce stronger bondings than do the oxide to 
metal interactions (refs. 94 and 79). The increase in friction at 
elevated temperatures is due to the increased adhesion - that is, the 
increased bonding associated with oxidation of the foil surface. 

Sliding friction experiments were also conducted in argon with 
normal residual surface oxides present on the amorphous foil having 
the composition ^ over a range of loads. The 
results obtained in these experiments are presented in figure bb 

At a very light load of O.Ol newton, the coefficient of friction 
was extremely high. The friction coefficient decreased witi> 
increasing load to a value of 0.3b at a load of O.U<f newton and 
remained there. 

To determine the effect of the presence anu absence ot 
crystallinity on friction behaviors, foils were heated to 6b0* C for 
2 hours in a vacuum furnace, cooled to room temperature, cleaned, and 
then examined in friction experiments. The results are presented in 
figure fab together with those already described for the metal in the 
amorphous state. 

At all loads the friction coefficient for the alloy in the 
amorphous state is less than it is for the same alloy in the 
crystalline state (fig. fab). Thus, the absence of crystallinity 
results in lower friction properties. 

There was a complete absence of any visible wear track on the 
amorphous foil. A visible wear track was present on the crystallized 
surface. The amount of surface oxide was greater in the wear tracK of 
the crystalline sample. This is as might be anticipated, since the 
crystalline surface would be a higher energy surface. 

To establish the exact crystalline, state of the foils used in the 
experiments of figure fab, transmission electron diffraction patterns 
were obtained on the as-received foils and the foils after having been 
subjected to the heat treatment above the recrystal lization 
temperature. 
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Figure 65. - Coefficient of friction as function of load for aluminum 
oxide sliding on Fe()7Co;8Bi4S1 j alloy In argon. Sliding 
velocity, 2.0 centimeters per minute. 


The pattern of as-received foil indicated that the foil was not 
completely amorphous but contained grains of an extremely small size, 
approximately a few nonometers. The annealed foil had a general grain 
size after recrystallization of 0.3 to 1.0 micrometer. 

The alloy composition shown in figure 6t> is a metallic glass, and 
an obvious question would be how it compares in friction 
characteristics to conventionally used alloys. Friction experiments 
were conducted with 304 stainless steel foils under the identical 
conditions to those used in figure 6b. From the data obtained, there 
appears to be very little difference in friction behavior of the two 
alloys. The wear results were, however, markedly different. There 
was essentially no detectable wear on the surface of the amorphous 
alloy. There was, however, considerable wear to the 304 
stainless-steel surface. There was considerable plastic flow and 
oxide debris generated on the 304 stainless steel. Lumps of metal 
appeal ed in the wear track. Thus, while very little difference in 
friction coefficient was observed for the two alloys, marked 
differences in wear were found. 

GRAIN BOUNOAKILS 


When going from tiie amorphous state of material to tiie 
crystalline state, there are, unless the material is a single crystal, 
grain boundaries. These boundaries are high energy sites which 
contribute to the overall surface energy and correspondingly to 
tribological behavior. 

To examine this effect, it was decided to conduct friction 
experiments in vacuum with an oriented single crystal of sapphire 
sliding on a large-grained tu.igsten disk with known grain 
orientations. Data for sapphire in the literature indicate a 
dependence of wear of various surfaces on crystal lographic orientation 
(refs. 95 to 98). With large grains in a polycrystalline matrix, the 
influence of crossing grain boundaries on slip behavior can be 
determined. This situation does not exist in single crystals. 
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The large-qrain tungsten used in this investigation was prepared 
by electron beam melting. A chemical analysis of the material used 
indicated b ppm carbon, 3 ppm oxygen, less than 3 ppm nitrogen, and 
small percentages (less than 2 ppm) of the metallic elements calcium, 
chromium, cobalt, copper, iron, and nickel. The specimen was cut, 
finish ground, and lapped before electropolishing. The specimen was 
then electropol ished in a sodium hydroxide solution to remove the 
worked layer. After electropolishing, the specimen was mounted in a 
fixture and Laue patterns of the various grains were obtained. The 
orientations obtained are shown in figure bb(a), and their positions 
on the unit triangle are shown in figure bb(b). The actual specimen 
is shown by the piiotograph at the top of figure bb(a); the 
diagrammatic sketch below the photograph indicates the orientations. 

In addition to crystallographic planes, directions are indicated in 
figure 66(a). Planes are given in parentheses and directions in 
brackets. 

The single crystals of sapphire used in this study consisted of 
1.0-centimeter-diameter balls. The balls were initially oriented with 
polarized light to locate the optical axis, and then X-ray 
determinations were made for plane and direction. The balls were 
locked on a stainless-steel holder similar to that described in 
reference 98. The orientations were then rechecked. 

After the specimens were mounted in the vacuum system, the system 
was evacuated, and the tungsten disk specimen was electron bombarded 
for 4 hours to remove adsorbed gases and surface oxides. The disk 
temperature at this time was bOO* C. The specimens were cooled to 
room temperature before friction experiments. 

In working with various crystallographic planes, marked 
differences in oxidation rates do occur. Reference 99 shows this 
difference for tungsten. With repeated passes over the same track, 
these differences in oxidation rate could influence friction 
properties. The (100) surface of tungsten oxidizes more rapidly than 
the (111) and (110) surfaces. 

Friction data for the (OOOi) plane, [1010] direction of sapphire 
sliding on the large grains of a tungsten disk specimen in a vacuum of 
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(c) In vacuum (lO’lO torr). (<j) in air (760 torr). 


Figure 66. - Coefficient of friction of sapphire (1010) plane sliding 
In [0001] direction on polycrystal 1 1nc tungsten. Load, 500 grains; 
sliding velocity, 0.013 centimeter per second. 
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10~^^ torr, d load of bOC grams, and speed of O.OlJ centimeter per 
second are presented in figure bb(c). Light loads and Iom speeds were 
used to avoid high Interface temperatures, which can cause surface 
recrystdl 1 Izdt Ion. The friction data are plotted as a function of 
arbitrary angular position. The crystallographic planes and the 
directions for each grain are Indicated at the top of the figure and 
the position at which the grain boundaries In the tungsten disk 
surface were crossed by the sapphire slider are Indicated by vertical 
I Ines. 

The most obvious result of figure ob(c) Is the marked change In 
friction properties with a change In slip systems In moving from one 
grain to another. Furthermore, on any particular plane a change In 
direction results In a change In friction. 

The effect of plane on friction can be seen from an examination 
of friction on various planes In a particular crystallographic 
direction of figure ob(c). Changing direction on a particular plane 
does appreciably Influence friction; for example, on the (lOU) plane 
moving from the [110] to the [100] direction gave a coefficient of 
friction of l.t!J while moving In the [lOOj direction decreased the 
coefficient to about 0.8. This difference Is significant. 

It Is Interesting to note that for the (lOO), (110), and (023) 
planes the maximum In friction Is observed In the [110] direction. On 
both (110) planes, the maximum In friction (1.3 to 1.3b) was In the 
[110] direction and a minimum (0.7 to 0.7b) was about 4b* to bO* from 
the [llOj direction (fig. bb(c)). 

Hardness measurements were made on the (lOO) plane of tungsten In 
two crystallographic directions, [lOOj and [llO]. Hardness Is lowest 
In the [110] direction and maximum In the [100] direction. When the 
friction data from the (100) plane of figure bb(c) are compared to the 
hardness data, a correlation between hardness and coefficient of 
friction Is readily seen. An Increase In hardness Is accompanied by a 
decrease In friction coefficient. Figure bb(c) shows that tor the 
(110) plane friction was high In the [llOj direction and near the 
minimum In the [100]. 
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Kosolveo shear-stress calculattons and yield-strength data 
obtained f roi:i reference lUU were examined for the (llu) plane in tite 
body-centered-cubic system. If the shear stress to yield pressure 
relation is used, a maximum in friction siiould be anticipated at about 
<??.!)* from either the LlWJJ or the illUj direction. This probability 
could explain, in part, the pulses in friction noted between the [liuj 
and the llUUj direction, hardness data obtained on the illU) plane in 
the I.IUOJ and LHuJ directions show a marked increase in hardness in 
the l,lOuj direction over the hardness values obtained in the 
direction. These results are in agreement with friction data and 
further indicate the anisotropic behavior of tungsten. 

In vacuum, the adiiesion of tungsten to sapphire can markedly 
influence the friction data obtained, because a thin transfer film of 
tungsten (to sapphire) could be sliding on itself. In air, however, 
an appreciable tinckness of tungsten oxide is present, and this oxide 
inhibits metal transfer to sapphire and thereby reduces friction 
coefficients. Furthermore, various crystal planes of tungsten exiiibit 
different oxidation rates, wliich could also influence the observed 
fr ict ion results. 

A friction experiment was conducted in air with the sapphire 
(lulu) plane sliding in the (UUUlJ direction on the large-gram 
tungsten disk specimen. The results obtained are presented in figure 
bb(d). The most marked effect, as might be anticipated, is a general 
reduction in the friction coefficient on all crysta 1 lograpit ic planes 
of tungsten. It is interesting to note, for example, that, on the 
(100) plane, the difference in friction between tiie and [lOUj 

directions represents a change in friction coefficient from O.b to 
0.3. For the same plane and in the same directions in vacuum with 
surfaces cleaned by electron bombardment, the friction decreased from 
0.9b to 0.?4. The friction in these two directions differed by a 
factor of in air and 4 in vacuum; this indicates that the oxide 
plays a role other than a simple equivalent reduction of adhesion of 
the tungsten to sapphire iii different crystallographic directions. 

A similar effect is noted for the (110) plane. 
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Ihe friction characteristics observed in this investigation 
indicate a marked dependence of friction on crystallographic direction 
and orientation, with the aluminum oxide rider specimen sliding on 
the (lUO) plane of tungsten, a minimum in friction Mas noted when 
sliding in the LlUU] direction and a maximum when sliding in the [llUj 
direction. Any examination of the (100) plane of the body-centered- 
cubic crystal indicates that the atomic density is greatest in the 
LlOO] direction and least in the [HOJ direction on the (100) plane. 
Hardness measurements also indicate this same dependence on direction. 

Further evidence for possible dependence of friction coefficient 
on atomic density is gained from an examination of f'le friction data 
on the (110) planes in the [HOJ and (lOOj directions. On the (llO) 
plane the coefficient of f*”iction is greatest in the (lloj direction 
and least in the (lOOj direction or approaching the (lOO] direction. 
Again in the body-centered-cubic system, atomic density would be least 
in the (Hoj direction and grestest in the LlOOj direction. 

In summary, the tungsten studies reported herein indicate that 
marked changes were observed in friction characteristics as grain 
boundaries of tungsten were crossed. These changes are due to the 
changes in crystallographic slip systems in moving out of a grain, 
across the boundary, and into another grain. 

Friction studies with metals other than tungsten also indicate a 
grain boundary effect. The effect is not only observed to influence 
friction but surface fracture and wear as well. Studies with a 
polycrystalline slider moving across a copper bicrystal (one grain the 
(111) and the other the (i;10) orientation) resulted in differences in 
friction not only on the surface of the grains but also in the grain 
boundary region as was observed with tungsten. This effect is shown 
by the data in figure b7. 

In figure 67(a), in sliding from the (210) grain to the (111) 
grain, friction is higher on the (210) plane and in the grain boundary 
region than it is on the (111) plane. Grain boundary effects can be 
seen much more readily when sliding is initiated on the (111) surface 
as indicated in figure 67(b). There is a pronounced increase In the 
friction for the slider - grain boundary interface. The grain 
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Figure 68. - Wear traciss on bicrystal grains. Cooper slider, load, 100 
grams; sliding speed, 1.4 millimeters per minute. 
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boundary is atumicany less dense than the grain surfaces on either 
side of that boundary. 

txamination with scanning electron microscopy of the (111) and 
(210) grain surfaces after sliding and a single pass of the slider 
across the surface revealed severe surface disturbance as a result of 
the contact as Indicated by the micrographs in figure 6ti. The 
micrographs for contacted surface area on both grains are at the same 
magnification. 

Fracture tracks are observed on both grain surfaces in 
figure 68. These cracks are surface initiated. The wear face of the 
cracks is extremely smooth, which indicates crack initiation along 
slip bands, as indicated in the micrographs, the cracks are much 
larger on the (210) surface than on the (111) surface. Sectioning the 
wear track and measuring the crack angle of orientation relative vO 
the surface orientation indicate that the fracture cracks do form 
along slip bands in the copper grains. 

A wake of metal just ahead of the fracture crack stands above the 
surface of the grain. This occurs for both grain surfaces, but again, 
the amount of metal standing above the surface is greater for the 
(210) than for the (111) grain. 

The metal to metal interfacial adhesion mechanism responsible for 
the manifested friction behavior shown in figur-» 67 and the surface 
conditions shown in figure 68 can best be explained with the aid of 
figure 6y. This figure schematically reveals the surface events. 

When the copper slider is first brought into touch contact with 
either grain surface and a load is applied, deformation of surface 
asperities results in penetration of surface contaminating films and 
metal to metal interface formation with strong adhesive bonding. 

As tangential motion begins, fracture must occur in the weakest 
interfacial region. The weakest region is not at che interface but 
rather in the cohesive bonds between adjacent slip planes in the 
individual copper grains. Thus, with tangential force atomic bonds in 
the copper slip plane fracture, resulting in the formation of a 
surface initiated crack (fig. 6y). 
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Figure 69. - Origin of surface fracture and formation of wear particle. 
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taUh a continued application of a tan 9 ential force, at sonie point 
the applied forte is sufficient to exceed that of the interfaclal 
slider to qrain bond and fracture of that interfaclal bonding occurs. 
The slider moves on ui\iil adhesion again occurs. 

After the interfaclal slider to grain bond has fractured, a Make 
or curl of metal remains above the plane of the grain surface 
(fig. b9). Subsequent passes result In shearing the test surface 
protuberance of metal Mith the resulting formation of a wear 
particle. Thus, for polycrystal 1 tne copper In contact with a single 
crystal (grain) of copper, the Interface develops bonds which offer 
greater resistance to fracture than cohesive bonds along slip planes 
In the copper single crystal (grain). 

UNILNTATION 

Polycrystal 1 Ine materials are used In most mechanical 
applications where adhesion, friction, and wear might be Involved. 

This does not, however, necessarily preclude the use of materials In 
single-crystal form. It is certainly recognized that grain boundaries 
Influence the behavior of materials, single-crystal observations 
cannot be extrapolated directly to polycrystal 1 me materials. Grain 
boundaries influence deformation In a number of ways: they act as 

barriers to the motion of slip dislocations, they have higher surface 
energies than crystallite faces, and they are sites on the surface for 
accelerated reaction and diffusion rates as has been already 
discussed. The effect of boundaries can be more fully understood If 
the building block of polycrystal 1 Ine structures - namely, the single 
crystal - is better understood. One of the first matters of 
consideration with single crystals Is that of orientation, what 
effect, for example, does changing the crystallographic orientation at 
the surface have on adhesion and friction behavior? Single-crystal 
experiments were conducted to gain an Insight Into orientation effects 
on adhesion and friction behavior. 

The term matched planes and directions Is used heioln to describe 
the relative orientations of crystal faces In adhesion and friction 
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experiments. It represents, in essence, the matching of the direction 
on one surface with that on another crystal face of the sanie 
orientation. AH sliding friction experiments were conducted in the 
preferred crystal lographic slip direction for the particular plane 
under consideration. Furthermore, where dissimilar metals were In 
contact, the greatest atomic density plane was used, even where 
differences In crystal structure existed. 

In the Initial adhesion experiments, a load was applied normal to 
trie planar surfaces In contact. The adhesion coefficient Is, then, 
the force required to separate the speciniens divided by the applied 
force or load. The friction coefficients reported are all dynamic 
values obtained during sliding. After sliding was stopped, the force 
to separate the two crystal surfaces in contact was measured. Ihis 
force divided by the applied load during contact sliding is termed 
adhesion* coefficient. Ihe asterisk Is used to differentiate this 
value from those obtained In standard adhesion measurwnents. 

There are a number of terms that have been used in the 
literature, particularly in regard to friction, to describe solid 
solubility of metal couples. Therefore, to avoid confusion, the 
following terms are used herein: (1) complete solubility, (i:) partial 

solubility, and (3) insolubility. Complete solubility characterises 
those systems where the hune-Kothery rules of electronegativity, 
valence, atomic sise factor, and crystal structure are obeyed 
(100-percent solubility). An example of such a system is the 
copper-nickel of this investigation. Partial solubility refers to 
those systems where solubility may not cover the entire phase diagram 
(less than 100 percent). In these systems one or more of the 
hume-Pothery rules may not be obeyed. The copper-cobalt system of this 
study is such a system. These metals differ in crystal structure 
below 400* C. Insoluble couples are those where no phase diagram 
exists and whose solubility, if any, is considered normally to be 
insignificant. In this investigation, the copper-tungsten couple 
represents such a system. 

The cohesion of polycrystalline copper has been examined 
(refs. lOl to 103). The data reported in references 101 and 103 were 
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obtained In vacuum. Single-crystal-copper cohesion has been examined 
In a hydrogen atmosphere (refs. 104 and 105). The results obtained In 
hydrogen Indicated that the friction coefficient for the (100) planes 
of copper In sliding contact exhibited markedly higher coefficients of 
friction than the (111) planes of copper In sliding contact. 

Adhesion and friction coefficients were measured In vacuum at 
10~^^ torr for copper contacting copper. Three single-crystal 
orientations of copper were examined: The (100) plane contacting the 

(1(X)) plane, the (110) plane contacting the (110) plane, and the (111) 
plane contacting the (111) plane. In all experiments the planes and 
directions were matched. In these experiments a load of 50 grams was 
used. This particular load was selected because earlier experiments 
showe;. that recrystal 1 Izatlon of copper occurred In sliding contact at 
higher loads (ref. lOb). For reference purposes, adhesion data were 
also obtained for polycrystal 1 Ine copper. Examination of the data In 
column 3 of table VI II Indicates that adhesion coeificlents (breakaway 
load/applled load) of copper are dependent on crystal orientation. 

The highest atomic density (111) plane exhibits the lowest coefficient 
of adhesion. 

It Is of interest to note that adhesion coefficients decrease as 
the modulus of elasticity and the surface energies on these planes 
Increase. The decrease In coefficient of adhesion with Increase In 
elastic modulus might be related In part to differences In true 
contact area for the crystals at the Interface. Since plastic 
deformation Is also occurring at the Interface, the deformation 
behavior of ♦=.' different crystal orientations must be considered. 

An examination of stress-strain curves for single crystals of copper 
Indicate that, for a given stress, the amount of strain for the (111) 
plane 's less than that for the (110) and (100; orientations of 
copper. These effects would indicate that, for a given load, the true 
area of contact for the (111) orientation might be less than that for 
the (110) and (100) orientations. 

The resulting contact area is the sum of elasticity and 
plasticity at the interface (ref. 13). The Influence of elasticity 
and plasticity varies with orientation (ref. 107). Since the yield 
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point also vanes with orientation, the amount of plastic shown for a 
given stress is greater for the (lUU) plane. Ihe amount of r'laslu 
recovery for the (111) plane is greater, that is, the percent of 
elastic deformation to total deformation is greater for the denser 
(111) plane. It has been shown in reference Jb that, for metals such 
as gold and silver, a temperature U.4 of that of tire rtielting point 
must be reached before elastic recovery does not exert a noted 
influence on adhesion and the materials are plastic enough to insure 
strong adhesion. 

jince two crystals of the same orientation are brought in contact 
under load, if atomic bonding occurs across the interface, tiren the 
Interface may be considered to represent an interface tiiat is 
analogous to a grain boundary. In these experiments all possible 
attetrrpts were made to match planes and directions. In any such 
attempts it is assumed that some* mismatch of orientations exists and 
that perfect matching occurs only accidently. Any bonding that occurs 
across the iriterface involves some elastic displacemerit of atoms near 
the surface. The interface then represents atomically displaced atoms 
connecting the individual crystals, that is, they represent a 
transitional region serving to link, the two specimcuis much as in a 
grain boundary. The greater the mismatch, the further into the parent 
crystals elastic stress may be expected to occur. 

An examination of the surface energies in table Vlll, which are 
calculated values taken from reference 107, indicates that the surface 
energies are greatest on the (ill) plane and least on the (100) 
plane. The adhesion data obtained would then appear to be in conflict 
with the surface energy theory of adhesion and friction (ref. 39). It 
should be indicated, however, that when two surfaces are brought into 
contact Uie interface formed has its own interfacial energy. This 
energy is analogous to the energies associated with grain boundaries. 
Each crystal surface has its own characteristic energy, and wiitn two 
crystol surfaces are brougiit together an interfacial etiorgy is 
develf'ped. Ihe energy of this interface depends to a large extent on 
the d* gree of mismatch of the two crystallites. The greater the 
mismatch, the greater the energy. For two crystals in contact, the 
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boundary energy must be considered, since with adhesion a new 
mterfacidl surface is created. 

tach adhesiofi coefficient value reported in column 3 of 
table VI 11 represoets a 10-second contact time under load. At roiMii 
temperature, diffusion effects may fi<'t be expected to greatly 
influence measured adhesion coeftici nts. At larger periods of time, 
with plastic materials such as metal, creep may be expected to 
influence this true contact area under a given load. The effect of 
contact time on the adhesion coefficient is shown in figure 70 for the 
three single-crystal orientations of copper. A marked increase in the 
coefficient of adhesion occurred with time. Thus, with single 
crystals of copper, creep at the interface (with a corresponding 
relaxation of elastic strains) appears to influence the measured 
adhesion coefficients. 

Ihe adhesion coefficient of table VI 11 (column 3) for 
polycrystalline copper is interesting. Tne adhesion value obtained 
was 1.00, or very near that of the (100) plane of copper. Since the 
modulus of elasticity is nearly twice that of the (100) plane and the 
data of reference lOb indicate that a polycrystalline material is more 
resistant to plastic deformation than single crystals, the real area 
of contact on load removal might be anticipated to be markedly lc*^s 
for polycrystalline material. However, while the area of contact 
under a given load may be less than that of the (lOU) plane, the 
tensile strength of junctions formed is greater, with deformation of 
polycrystals, grain boundaries act barriers to trie motiori of slip 
plane dislocations, and a nigh degree of strain haioening of junctions 
formed n.ust occur. Tliis is even greater than that observed with 
single crystals oriented such that a high concentration of 
Lomer-Cottrell locks may be generated. Thus, while a snialler, true 
contact area may be anticipated for polycrystals for a given load, the 
tensile strength of junctions formed is greater than observed with 
single crystals. This may account for the similarity in the two 
adhesion coefficients. 

After completing adhesion measurements, the crystals of 
table VllI were slid a distance of 0.73b centimeter and the friction 
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cofff u i**nls olist*rvt*d Our '.luiiiu) are rt*porU*0 m taUlr VI 1 1 
((.oliiiiih 4). mII thf copprr sp«*r imrii'* oxhibUt'O tr ictioii cofftu u’tils 
in excess of 4U.U with tiie r.oleO exception of tiie (111) plane, wincii 
had a friction coefficient of il.U. Those specimens having friction 
coefficients in excess of 4U.U (ttie limit of the indicator) exceeded 
It in Itie first tew tenttis of a centimeter of sliditiy. 

1 h»> coefficients of adtiesion were again measured iniiiediately 
after sliding. The itu'asured coefficients of adhesion are also 
presented in table VIII (column b). In all cases a drastic increase 
in ttie adtiesion coefficient was observed after sliding. This increase 
may be attributed to two factors associated witfi the sliding of clean 
metals in contact, first, a iiiarked increase in the true contact area 
occurs witti sliding, and secondly, ttie area in contact represents 
metal that has work hardened in the process of sliding. Thus, not 
only has the area of contact increased with sliding but also the 
tensile strength of the junctions has increased. 

Ttie adtiesion and friction coefficients observed in table VIII for 
polycrystal 1 ine copper are markedly greater ttian ttiose ol)served in 
reference lUV. Some explanation is, therefore, in order. In 
reference 119, the load employed was lOUO grams and the speed was 
19b centimeters per second. At this tiigti load and speed, 
recrystal 1 i/at loii of copper at the interface is known to occur 
(ref. lUb). Tlius, the type and nature of the surface under ttie two 
sets of exper imciita 1 conditions were markedly different at ttie tngtiei' 
loads and speeds. At the higtier loads and speeds of the study 
reported herein, however, sucti effects were not noted. It is quite 
natural, therefore, to expect differences in the friction and adhesion 
results wtieri the interface is different. 

Ihe results of table VIII indicate that differences in the 
adtiesion coefficients exist for different crystal lograptiic planes of 
copper. Furthermore, ttie results show that sliding markedly increases 
ttie adhesion of two surfaces in contact. Ttie only friction 
coefficient that could be measured was that for the (111) plane, ttie 
orientation extrbiting the lowest adhesion coefficient. If the others 
could have been measured, a correlation of friction witti orientation 
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iniyht have been observed as was Itie correlation ot adhesion witri 
oriental Ion. 

AiUiesJon atul triition imMsurtinent s were made witli the tl(Ki), 

(110) , and till) planes contaitiny a (lUU) plane, in all three 
experlnit'nts, sliding was In the llli'J direction. Ihe results obtained 
are presented In table IX. The data indicate, as might be 
anticipated, that pairs ot matched planes exhibit higher adhesion 
coefficients before sliding than do pairs of unmatched planes across 
the Interface or boundar> differ. In all three experiments, trie 
friction coefficient during sliding was in excess of 4u.o. 

M subject of much Interest, r»-lated to adriesion ano orientation. 
Is that of the relative Importance of solid solubility (refs. luJ, 
lit), and 111) and crystal structure (ref. lUJ) on trie aoriesiun of 
metal couples, four experiments were selected to detenmne trie 
influence of solubility and crystal structure on adriesion ano 
friction. In all of iriese experiments the (111) plant* of copper was 
the rider surface. The results of the cohesion experiments tor (111) 
copper on (111) copper represent trie first set of results as they were 
presented in table Vlll. Trie second set of experiments represent the 

(111) of copper on trie (111) of nickel with sliding in trie preferred 
slip direction. Both nickel and copper have a tace-centered-cubic 
structure and are completely soluble ( lOU percent). 

Ilie data of table X indicate that Uie adhesive forces ot copper 
to nickel are less than ttie coiiesive forces of copper to copper. Trie 
sliding friction coefficient was also less. These r«‘sults migrit be 
anticipated since a difference {2 percent) in lattice paramt'lers for 
the two crystal faces exists. Tlierefore, bonoing dcross trie interface 
could be expected to involve considerably more lattice strain than for 
matched copper poles. 

The third set of experiments involved the contact of the (111) 
plane of copper on the (0001) basal plane of cobalt. Sliding was In 
the [1120] direction on cobalt. It Is Interesting to note that while 
cobalt is next to nickel in the periodic table and many of its 
properties are similar, they differ in crystal structure. Cobalt and 
copper are partially soluble. An examination of the data in table X 
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indicdtes that, while both cobalt ami tiick.el are soluble iii copper, 
significantly lower friction arui adhesion were obtained with copper 
(ontarlinq roball that has only part *al solubility. Ttiis differeticr* 
may be rel.itr’d in part to ctysi.il structure, topper arid tumjstiri are 
irisoliibU .ind thruetor e adhesion of i upper trr tungsten shoulu not 
occur, txperiments were conducted to determine it adhesioti would 
occur and what effect sliding ri.is ori adhesion. The results are 
presented in table X. 

In tatile X the initial coetticu*nt of adtiesion for copper to 
tungsteri was less ttian U.Ub - tnat is, less than that whicti could be 
detected with the system, with sliding, the friction coeificient was 
1.4U and was relatively constant over the entire sliding period. 

With copper contacting turujsten, a continuous decrease in 
adhesion coefficient was obser vr'd with subsequent breaks. This 
decrease reflects the nature ot the interfacial bond. The work of 
reference lit indicates a possible surface interaction in vacuum with 
copper contacting the (llU) face of tungsten. 

ItXlUKlNb 

Tiie meciianicdl processing of metal surfaces results most 
frequently in the development of texturing (preferred orientation of 
grains) in the superficial layer. The preferred orientations or 
surface textures that develop depend greatly on tfie metfiod of 
mechanical finishing. For example, with a particular metal or alloy, 
rolling may give a different texture tiian forging. Lven if a surface 
does not exhibit texturing on components prior to their use in 
lubrication systems, the sliding, rubbing, or rolling process involved 
in these systems can cause the development of surface textures. 

A limited amount of research lias been conducted to determine the 
Influence of texturing on friction and wear and the role played in the 
dynamic contact of lubrication system components in the development of 
textures. Wilman and coworkers (refs. 113 and 114) examined the 
development of textures during abrasion. More recently, the texturing 
of cobalt and cobalt alloys has been examined during the rubbing 
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process (rtf. lib). A systfinat »c study is, however, still luikuiy. 

A study was th»*refore conducted to deternnne the int luence of slunny 
on tfie deve lotxitent ot surface textures in eleixental im*tals. Ifiree 
metals were selected for study as representatives of eai fi of tfie major 
rr>stal systems in winch alloys used in lubrication systems are 
qetu'tally fout'd. Iron was soKcted as representative of 
body-centered-cub u metal befiavior, copper and nickel as 
representative of the f ace-centered-cubic system, arid cobalt as the 
c lose-packed-liexayona 1 representative, friction experiments in dry 
sliding wert- conducted with eacli metal slidinq on itself. We<,r 
surfaces wer'e then examined by X-ray analysis to determine the degree 
and type of texturing. 

I he copper disk and rider specimens used were .ybb-percent 
coppr ‘1 . I ln> iron specimens wr're prepared from yy .yb-percent iron, 
lobdlt disks and riuers were prepared from yy .y^-percent cobalt. Ifte 
nickel was yy.yy percent pure. 

1 he disk specimens were pr epared by lapping, diamond polisfung, 
and finishing witfi U.i micrometer of alumina. 1 he riders were given a 
1). 4/b-c t'nt imet er radius and then finisfied witfi . au, i/U, 4uu uno 
t)Ut' grit metallurgical papers. I (u> were finally polislieu with 
3.U micrometers of alumina. 

Ifte fr iction experiments were conducted Ui a typical pin oti disk 
friction jpuaratus such as tlrat sftown in figure /i. I fie basic 
components of the apparatus are a b.ib-cent imeter disk spec iiiieii 
(1.? cm thick) and a rider specimen witfi a 0.4/b-cent imeter radius. 

The disk specimen is rotated by a variable speed electric motor. 

Speed can be varied fi'om MO to bi!bu centimeters per minute. 1 fie 
rider specimen is contained in an arm wfiicfi fias incorpor ated in it a 
strain-gagt' assembly for recording friction force. 1 he rider is 
dead-weight loaded against tfie disk. The disk arid rider were of tfie 
sanu* materials in eacfi experiment. 

Tfie apparatus is covered witfi a clear plastic box in wfiicfi a 
positive argon pressure can be maintained, ixfnlc the argon purge was 
not intended to exclude oxygen and water vapor totally, it was 
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Figure 72 . - X-ra> examinat ion of disk specimen after sliding. 
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interiut (t to n'liiunWo the Luneetitrdt ion ot thei>«' i^dseb diiO to indUitain 
<1 relatively lonstant environment frotii experiment to experiment. 

Itie X-rdy instrument containeu d chromium tarqeteu tulie. 
kdiJldtion Mds tiltroed Mitti J Vdiudium oxldt* t i liii. Samples tOisX 
spei imt‘ns) were iiKiunted in a '.ee< ••il .ll«l on a standard gonumietei hase 
in an orienter quniustdt. Ttu sample could be mdiiually rotated about 
Its own axis wrnle counts wen taxti so that ttie intensities are 
averaqes over a number of egu.ill.v ’paced points around the disk. 

A pin hole colliinator wa*. used because the wear track was 
normally only a few millimeters wide. The imulium resolution (MK) 
soller slits were used at the deteitor, but no vertical slit was used, 
ttie entire filter mount inq fixture v,as remov»*d to qive ttie widest 
possible angle of acceptance at tin- detector. 

The sciiematic arrangement of the X-ray bean relative to the disk 
is shown in figure Ti. liic* pr nnary beam (source) is directed into ttie 
wear track. The reflected beam is collected witii a counter, ftie wear 
track can be tilted in two directions and n) as indicated in 
figure /i. Tiie texture of the wear surface can be determined by 
rotating in the t- and n-direct ions. 

witii the sample properly aligned, a randomly oriented, lapped 
copper disx specimen gave a (111) intensity tiial decreased by less 
than 10 percent as the disk was tilted bO’ from tiie normal (vertico’) 
position. This was done to siiow that the speciiiiens prior to sliding 
were truly randomly oriented. 

Sliding friction experiments were conducted in argon with copper 
sliding on copper at three different loads of the rider against tire 
disk. The sliding velocity was b.l8 centimeters per second, and 
sliding continued until the rider had achieved lUOU passes against tiie 
disk surface. The resulting wear tracks generated on Uie copper disk 
surface were then examined witli X-ray analysis. The (111) plane 
intensity is plotted as a function of polar angle (its position 
relative to the sliding direction) in figu.'> ’’ . 

An examination of figure 73 indicates that the maxinium (111) 
intensity is achieved when the polar angle t is nearly normal. Tii.s 
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incJiCdles tMul, dS d result o* slunruj, texturing of tfie initial l> 
rdnooni oriented surface Idyers has occurred. Hqure /j in cofiiU mat ion 
with the pole flyure tpolar plot) of fiyure 74 established that tfie 
(111) planes or preferred slip planes in the f ace-ceiitered-cubic nieta! 
upper jr** oriented nearly parallel (wltfiin lU*) to tfie sliding 
direction with tfie tilt of tfu- planes in the direction of sliding. 

The elongation of the contour*, perp* ndicu lar to the sliding direction 
is a consequence of curvature .icros* tfie widtfi of tfie wear trace and 
scoring of one wear trace, bm fi ir » egularit les produce a rotation of 
the (111) about an axis parallel to tfie sliding direction. 

In figurt' 74 tfie small cucle in tfie upper fialf of tfie pole 
f iqur*' inilicates maximum (111) inteiis it les. The fact tfiat tfie small 
circle IS not in the center of tfie pole figure indicat**s tfiat the 
(111) orientation is tilted out of normal to tfie sliding direction. 

Its position in tfie upper fialf of tfie pole flyure is lU*. I fie dashed 
line indicates the area scanned. 

The data of figure 7J obtained at tfiree different loads ou cate 
tfiat tfie kind and degree of texturing is tfie same at all three ’e. ds 
investigated. Tfie data points for all tfiree load conditions can be 
plotted on a single curve. curve obtained in an experiment 
conducted at a bU-gr am load sfiowed significantly li'ss texture, but tfie 
wear track was very narrow. This indicates tfiat the x-ray beam may 
have sanipled regions on eitfier side of tfie wear track, and tfns could 
have affected the results. 

Tfie (ill) planes in copper, being tfie hiyfiest atomic density 
planes, have tfie lowest surface energy. Also, since the distance 
between tfiese planes is great, easy slip and shear result. It would, 
therefore, be anticipated tfiat the orientation of these planes near 
parallel to the sliding direction would result in a n.inimum in 
friction, friction experiments substantiate this (refs. 11b and lb). 

To determine if surface films (oxides and adsorbed layers) exert 
an influence on the texturing behavior of copper, sliding experiments 
were conducted in air. The results of these experiments were compared 
to those obtained in argon. In figure 7b, the data point obtained in 
air at 1000 passes coincides with the one obtained in argon, which 
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Figure 73. - X-ray analysis of copper wear track (HI) intensity as 
function of polar angle topper sliding on copper in argon at 

three loads; total of ICOO passes at sliding speed of 5.18 
centimeters per secono ana ambient temperature of <^3* C; specimen 
rotated relative to sliding direction. 

Figure 74. - X-ray (111) pole figure tor surface texture developed ofi 
copper disk surface as result of sliding. Sliding continued for 
total of loot) passes at slic.»nq velocity of 5.1b centimeters per 
second; load, ifOO grams; ambient temperature, i'3* C. Solid lines 
are texture contours; numbers are counts per 19 seconds; dashed 
lines represent boundary of projected area which was scanned. 
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Figure 7b. - Texture peak intensity in copper wear track as function 
of number of passes across surface in both air ana argon. Sliding 
velocity, 5.18 cent'^^eters per second; load, 300 grams; ambient 
temperature, 23* C. 



wicjicdtes thdt the absence of oxygen to replenish worn away surface 
oxi()**s (Joes not affect the texhirinq of copper. This result may be 
due to ttie relatively wi.’ak nalute o1 Ifie copper oxule. 

Ttie effect of repeated passes over the same surface on Lhe 
texturinij of copper in argon is also defi.onstroted by the data in 
figure '/b. At repeated passes to there appears to be very 

little influence of ttie number of pa >scs on texturing. At 600U 
passes, a sligtit decrease In the degree of surface texture appears 
to have occurred. Ihls slight decrease may be due to surface 
recrysta 1 1 l^at Ion resulting irom frictional heating. 

To determine If, In fact, recrystal 1 Izatlon were occurring, some 
copper disk specimens were annealed after sliding. Anri.aling at 
400* L for 1 1/2 hours is sufficient for recrystal 1 Izat Ion of copper 
(ref. 11/). 

One disk was annealed after sliding for 400 passes. The before 
annealing curve was virtually the same as the curves of figure /3, 
Indicating that tfie texture Is fully developed. After annealing, tfie 
height of the texture peak relative to Its minima decreased in a way 
Identical to the decrease tliat occurred after bUOO passes. 

Another disk was annealed after sliding for OOOU passes. In this 
case, annealing produced no ciiange In tfie heigfit of tfie texture peak 
relative to Its minima. 

The results of this stjdy sfiow tfiat tfie fully developed texture 
In copper Is reduced by sliding In the same way that it Is reduced by 
recrystal 1 Izatlon and that once It has been reduced by sliding no 
further decrease occurs on annealing. This Is consistent with the 
hypothesis that extended sliding results In recrystal 1 izatlon. 

Witfi Iron, a body-centered-cubic metal, not onl> tlic preferred 
plane but the slip direction can be Identified. Tfie tnangular symbols 
In figure /o Indicate where peaks would occur It the sample were a 
single crystal witfi its (110) face parallel to the surface and Its 
(111) direction in the sliding direction, txcept for the lU* tilt in 
tfie direction of sliding, the wear surface has this texture. 

Experimental results with copper indicated that the environment 
exerted essentially no influence on texture results up to lUUO 
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Figure 76. - X-ray pole figi e for iron wear track after 1<?0U passes 
of Iron rider over Iron disk surface. Sliding velocity, b.lB 
centimeters per second; load, bUO grams; in air dt 23* C. 
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passes, bnnilar eiiv ironmeiita I ilettMiiiuiat urns were iiitiile (ui iron a*, 
weie iiuUle for topper. Friction exper iiiientd I results obtaineil in an 
aryon environment are coiiiparetl with exper imerita 1 results ohtaint'u in 
air in t lyure // . 

I iijure // sfiows a plot ot Uu* tllU) texture peak, intensities as a 
function of tiie numher of passes. In air the deyree of texturiny 
developed witii slidiny is yreater titan tiiat observed in aryon. Ihe 
retluction of oxyyen and water vapor results in less textur iny in all 
probatn 1 ity because of a lack of rep leti isimient of residual surface 
oxide. As tile residual surfate oxiilo is worn away in a'yon, it is not 
replacei), and tlie amount of adiiesion and adhesive transfer increas»*s. 
k»ith adhesive transfer, laryt* partules are removed frtrm tiie disk 
surfate. Subsurface fracture must ociur to yive r isr- to tiie 
yeneration of tiiese particles. Ihus, if orientation sutisurface is 
random, tiiis random orientation is exposed to tiie X-ray beam 
decreasiny tiie total amount of texture obser'ved. 1 he net effect is a 
decrease in p«Mk intensity. 

It would appear tiiat the aforementioned nypotiiesis is supported 
by tiie data in fiyur'e II. In tiiis f iyuri> tiie texture tliU) peak 
intensity decreases witii an increase in tiie number' of passes in 
aryon. In air tins decrease is not observed. 

liotldard et al. (ref. IH) otiserved tiie deve lopiiit'iit of a basal 
texture (L'dUl) on tiie surface of cobalt, a i lose-packed-iiexayona 1 
metal, in slidiny friction studies. Tiiis is tiie texture winch iinyiit 
be anticipated. In tiie present invest lyat ion, texturiny was not 
observed in cobalt in repeated slidiny experiments. It must be 
indicated tiiat tiie loads employed in tins study were considerably less 
than tiiose obtained oy boddard et al. (ref. 114). bince tiiere arc 
notably fewer slip systems in the iiexayonal metals (sucri as cobalt) 
tiian in tiie cubic metals, texturiny could be expected to be very 
sensitive to load and more likely to occur- al inyher' loads. 
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Figure 77 . - X-ray (110) texture peak height as function of number of 
passes of rider across disk in air and argon. Sliding velocity, 
5.18 centimeters per second; load, 500 grams, temperature, 23* L. 
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I'd lycrysld 1 1 wu' iiidteridls did d^yreydtes of iiidiviULidl 
crystallites. 1 he qrain boumi.ii les serve as atoinlc bridges to Ihik 
the lattice of one crystal liti witi. tfiat of an adjacent crystallite. 

Tfie greater the inisiiidtch in aojacer l orientations, the greater the 
number of atoms serving to link th» two orientations, brain 
boundaries in addition to liaviig Hcdd-Shock ley dislocations of their 
own serve as a barrier to tfie niot ion of dis location', of tfte 
crysta 1 1 i tes. Such a structur*' could be expected to offer greater 
resistance to shear and fiiglier friction coefficients than single 
crysta is. 

Data obtained for single and po lycrystal 1 ine iron at various 
loads in sliding contact with polycrystal 1 ine aluminum oxide are 
presented in figure /b. Aluminum oxide was selected as a mating 
surface because aofiesion of tfte iron to aluminum oxide occurs with 
shear subsequently taking place in tfie iron. Ific results inuicate 
marked differences in friction for tne two forms of iron, ns load is 
increased, tfie interface temperaturt' increases ana recrystal 1 i^ation 
occurs on the iron surface. Tftis condition represents an increase in 
friction for the single crystal. Althougfi the surface at the 
interface is textured, it contains grain boundaries wfiicfi act as 
barriers to dislocation nxition. It represents a decrease in friction 
for tfie polycrystalline metal because recrysta 1 1 izat ion is followed by 
textu*'inq, which reduces shear stress, nt higfier loads tfie friction 
coefficients should be the same because tfie interfacial surface films 
are tfie same. 

Similar results to those obtained witfi iron were obtained witfi 
the body-centered-cubic, f ace-centered-cubic , and c lose-packed- 
hexagonal im'tals. In general, recrysta 1 1 i/ it ion in tfie process of 
sliding occurs at relatively modest conditions of load and speed. 1 fie 
sliding velocity in figure I'd was only U.UUl centimetei per second. 

The only means used to provide changes in interface frictional energy 
was that of changing load. At a load of JbUU grams, recrystal 1 i^rat ion 
of a metal such as tungsten could be achieved with relative ease. 
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Figure 78. - tffect of load on friction for iron sliding on poly- 
crystalline aluminum oxide in vacuum (10”^^ torr, 1.3jxl0"^ 

N/m^). Sliding velocity, 0.001 centimeter per second; no external 
specimen heating. 





indicdtiri^ the extreme amount ot »*fieryy involved in the sliding 
tr i( 1 loti prot I s«, . 

liic r et r y*,l <i 1 1 1 /dt ion teiiiprr ,jtui fs ot metals ate matkedly 
dependent on ttte amount ot prior detormation that occurred for ttie 
metals, bevtre detormation ot metals can readily reduce ttie 
recrystal 1 izat ion teniperatures hy Pw percent. To yain sonie insiyht 
into a possible correlation b» tween recrysta 1 1 i/at loti temperatures for 
metals and their sliding friction behavior, ttie recrystal 1 i/ation 
temperature obtained for various metals from the literature toyettier 
witti friction coefficients obtained in the slidiny friction studies 
arc presented in table XI. 

Table XI gives approximate reci ystal 1 uation temperatures for the 
various metals examined in this invest iyat ion as well as those ot 
titanium (examined in ref. lib). Ttie approximate load at wtiich the 
f'"iction was equivalent for ttie single-crystal and the polycrystalline 
metallic forms of each of ttie various metals correlates witti the 
recrystal 1 i/at ion temperatures for these metals, that is, ttie tiiyher 
ttie recrystal 1 i?at ion temperature, the greater the load necessary to 
achieve surface recrysta 1 1 izat ion and to produce a marked change in 
friction properties. These results are extemely interesting in light 
of ttie fact that marked differences exist in the thermal conductivity 
characteristics of the various metals and in their abilities to deform. 

It is well known that tieat dissipation at the sliding interface 
is extremely important in ttie removal of frictional tieat generated in 
ttie process of sliding. It migtit be anticipated ttiat good ttiermal 
conductivity metals, such as copper, would exhibit a greater tendency 
to carry away frictional heat from ttie sliding interface. Ihis then 
results in a higher load required for recrystal 1 i/ation than for a 
metal, such as nickel, which does not have the good thermal condiction 
characteristics of copper. An exaniiriation of table XI indicates that, 
wliile a ?bu* L temperature difference exists in ttie recrystallization 
teniperatures for these two metals, a difference of only lOO grams in 
load necessary for recrystal 1 izat ion exists. This difference 
indicates that the loads for recrysta 1 1 izat ion are closer ttian might 
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TABLE XI. - RECPYSTALL IZATION TEMPERATURES AND LOADS AT 
Which equivalent FRICTION COEFFICIENTS WERE UbThINEU 


FOR SINGlE-CRYSTAL AND POL YLRYSTALL INE METALS 


Metal 

Experimental load at which 
friction is approximately 
equivalent for suigle-crystal 
ana polycrystalline metal, 
g 

Approx in.ate^ 
recrystal 1 izat ion 

teiiiper ature, 

*C 

Copper 

LOO 

100 

Nickel 

30u 

350 

1 ron 

40C 

450 

Titaniun. 

boo 

700 

Beryl 1 luti. 

3 boo 

yuo 

Tungsten 

3500 

ILUO 


^These teniperatures from references lib, Hi#, ano ILO 
are only approximate because amount of detormatiori 
influerices these values. 







b»* dntu ipdtei) trcxti the markeu oif f t rotice in recrystdl 1 Wdt ion 
t oiiipordt ur os . Ujmj*..t(>n 1i.is a roo >sla 1 1 i/dt ion toinporatiii ** of 
approxiniati 1> 1^'UU” l. At yrans reciystdl 1 i/at ion was tin* '.atno 

tor Iho Uuoo fornis ot tunqstt'n, Horylliuiii has a rocrysla 1 1 i/dt ion 
leniperdlure of yuo* C, Ifie samonoss in friction ano loan tor 
produciny rocrysta 11 i/at ion in sliuiny friction ano ttio Oifterento in 
recrystdl 1 ’/dt ion tomperdturo Ootwton beryllium diiO lunysten may be 
accounted for by the differ ernes iri crystal structure for beryl liuni 
ano turiysten. b iny le-crysta 1 ber'yllium has a markedly lower tendency 
to work tiarden tiiao tunysten (ref. ily). A lesser tendency to work 
harden influences recryslal 1 i/at ion in metals (ref. 1/U). 

Furthermore, differences in friction coefficients for ttie two im’tals 
are accomoan ied by differences m ttie iieat yenerateo at the interface. 

from the results obtained in ii.any alidiny friction experiments, 
recrystal 1 i/at ion and texturiny must be considered in interpretation 
of friction data. Ttie recrysta 1 1 i/at ion arid texturiny process 
markedly influences the friction properties for metals in slidiny 
contact . 

Marked differences exist in the friction ciiaracterist ics for 
s iny le-cryst a 1 and po lycrysta 1 1 ine forms of metals, witii ttie 
s inq le-cryst a 1 foni.s extiibitiiiq lower friction coeffiiients in every 
case. These results seem to indicate that 1 arge-qrained structures 
miytit exhibit lower friction than fine-grained metallic structures. 
Witti recrystal 1 i/at ion and texturing, ttie friction coefficients oecome 
essentially the same for polycrystalline and single-crystal forms of 
the same metal. 

This recrysta 1 1 1 /at ion of metal surfaces was also demonstrateu by 
the erosion behavior- of aluminum single crystals, witti erosion, there 
is not the rubbing of surfaces under load, but ttiere is ttie 
transmission of energy by solid particles impinging a surface. I hree 
aluminum single-crystal samples witti three different orientations, 
(ll)U), (110) and (111), were prepared from the same stock and then 
erosion tested for minutes. It might have been expected that the 
different atomic planes with different atomic densities and cohesive 
forces would cause different erosion resistances. However, the 
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result*. HstecJ in table XII clearly snoiK that the erusiort rule is the 
same, within experimental errei , tor all three or lentat loris. If. is i‘. 
due to the formation of a deformed recrystallized surface layer witti 
which tfie erodant particles irrteract and which is identical for all 
the tfiree crystals. Ihe existence of sucfi a deformed recryst a 1 h /r>d 
layer is demonstrated by the X-ray t.ack-ref lect ion ptiotoyrapfis 
obtained from the (llu) sarnph' before and after erosion (fig. /V). 

Tfie impact of the erodiruj particles resulted in tfie destruction of toe 
surface inicrostructure and tfu> trar ' format ion to a po lycrysta 1 I int 
surface as a result of recrysla 1 1 izat ion. Tfie energy of trie impacting 
particles is sufficient to cause recrystal 1 izat ion. Tfius, all crystal 
surfaces are essentially polycrystalline and tlierefore give the same 
erosion resistance. 


LkYL.IAL MKUUUKt 

Ihe effect of crystal structur** on tfie frictional behavior of 
metals can be seen by conipanng two metals ttiat are quite similar in 
physical and cfiemical properties because of Ifieir relative positions 
in tfie periodic table of elements. Two sucfi elements are rhodium anu 
rutfiefi ium, atomic numbers 4b and 44, respectively. Iheir basic 
properties are similar, liut they differ in crystal structure: rhodium 

has a face-centered-cubic structure, and ruthenium a close-packed- 
hexagonal structure. Ifie difference in tfieir friction properties is 
shown in figure HU. Polycrystal 1 ine rhodium, when sliding on itself 
in vacuum, has a very high friction coefficient and pronounced 
stick-slip motion as indicated by the cross-hatcfied area of figure HU 
(representing the extrenies in values obtained). In cofitrast to 
rhodium, ruthenium exhibits a markedly lower friction coefficient 
whicfi remains relatively unchanged at temperatures to bUU* C (fig. HU). 

Similar differences in friction beliavior tiave been rioted with the 
Group VIII elenients iridium (atomic number /7) and osniium (atomic 
number 7b). Usmium, a c iose-packed-hexagonal metal, exfiibits lower 
friction than iridium, a face-centered-cubic element. 








bwici* thf crystal slruclurr of a nidttTldl appears to influence 
trtetton betiavior, then a inetal >»tnct) is allotropic snoulo retk*cl m 
frictiori results the effect of crystal transformation, friction 
studies wiiti cobalt show ttiat 't (Joes. The data In fiqure til are for 
polycrysta 1 1 me cobalt sliding on itself iri vacuuni at various 
temperatures. Ttie crystal sltuclure of cobalt at room temperature is 
close packed hexagonal. It Iranstonns a f ace-centered-cubic structure 
at 417* L. Itie data in fiqure nl indicate that trie trictioii 
coefficient is low (O.Jb) at tempeiatures up to J?u* L at whicti point 
tfie friction begins to increase markedly until, at bbu" L, complete 
welding of ttie specimens has occurred. If the weld at Uie interface 
is broken and the specimens cooled to rocmi temperature, the friction 
returns to near ttie original value (fig. til). 

kear is also influenced n.arkedly by the crystal structure of 
cobalt. In ttie tiexaqonal form below J/U* L (fig. tiU) ttie wear is 
100 times less ttian Itiat at 4UO* L when crystal transformation to the 
f ace-centered-cubic form tias occurred. Ilie wear is adhesive in nature. 

Tin IS used iti ttie field of lulirieation to reduce friction and 
wear in mectianical components. It is employed as a ttiin surface film 
because of its low shear strength (ref. li^l). It also has been used 
in alloys for bearings for over bO years (refs, icc to 11?4). For 
example, babbitt-meta 1 bearing linings are frequently tin-base 
alloys. These materials must frequently operate over a broad 
temperature range. Uepsite tfie extensive use of tin in lubrication, 
very little fundamental research has been conducted relative to tiie 
influence of various physical properties on tfie frulion ano wear of 
t in. 

Tin is polymorphic. It exists as the so-called gray tin at 
temperatures below IJ* L and as white tin above this temperature 
(lef. 12b). bray tin lias a diamond type of crystal structure witfi 
eacfi tin atom tetrafieoral ly coordinated by four other tin atoms, 
kfiite tin lias a body-centered-tetragona 1 structure ana appears as a 
distorted diamond structure. Tfie bonding of a tin atoni is to four of 
its neighbors at the corners of a flattened tetrahedron. Gray tin has 
a more symmetrical structure than wfiite tin. This difference is 
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thought to ht* duo to dn e lec t roii-/ono uvoridp prosonl ut white tin 
whwti dot“. not (list in ttic iinii t syimuotr Kd I g> u> tin (rot. l<h). 

bray tin atoms coii Dt pitturou ds stack my stteets ccmposeo of 
continuously linked, "puoered" henjyonal r inqs of tin atoms pat a I lei 
to ttie (111; planes of the tr>slal. btiear takes place oloiiy tfiese 
p 1 lines. 

white tin, witfi Its tetrauundl structure, slips on (llU) planes 
in the (001 j direction at low temperatures, hi nujtier temperatures , 
slip takes place on tfie (ilO) plams, but the direction lHIj tf’e 
preferred slip direction (ref. It:?). 1 tie critical r«-solveU sheai 

stress ru>cessary tor slip in wtnte tin (liO) (OUlj is less ttiari ttiat 
for nickel. It is, however, greater ttian that necessary to initiate 
slip 111 ttie noble mc-tals coppco , silver, and ()(;ld (ret. 1^'b). 

Witti rr'Spect to sti aiii tiardeninq (below ttie recrystal 1 i/at ion 
temperature), tin brdiaves more like the hexagonal metals (sucli as 
cadmium) ttian like the t ace-centereo-cub ic metals, which strain tiarden 
very readily, for botti tti<> (lOO) and (llO) orientations of tin, 
crystals can be ‘trained as mucti as bOO percent w i tti only about a 
factor of ? increase in shear stress, f ace-centered-cubic me*, ils 
(sucti as copper) experience a factor of boO increase in snear stress 
witti as little as a bU-perceiu increase in stra'n (ret. li'/). 

the friction coet’icient as a turiction of temperature was 
measured with sliding in two cr ysta 1 lograpti ic directions on the tin 
(110) crystal surface, txper iments were started at ttie tiigher 
temperatures because of itie pcissibility that recrysta 1 l uat ion would 
occur witti the cooling of the crystals below ttie crystal 
tr anstoniiat ion at IJ’ L. Ttie nsults obtained are prestr d in figure 
tik. 

An examination of figure bk indicates ttiat when sliding was in 
the lUOlj, or low-temperature-preferred, slip direction essentially no 
ctiange in friction coefficient was detected over the temperature range 
of IbO* to -lUU* L. Thus, the transf onnat ion had no effect on the 
friction coefficient when sliding was in the (tlblj direction. 

Wtien sliding was initiated in the lUIJ* dr higii-temperature- 
preferred, slip direction, the friction coefficient was markedly less 
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trian wdS cl>served in the LUOlj slip direction at all temperatures. An 
increase in friction coefficient was observed when reducing the 
temperature beyond tiie crystal trdtisformat ion at 13* L. Thus, 
frictiofi was sensitive to the transformation when sliding was in the 
I 111 J direction. 

A recrystallization of tfie tin crystals was anticipated with 
passage through tiie crystal transformation at IJ* L. with repeated 
exper iments, no evidence of rei rysta 1 1 ization witti transformation was 
observeil. 

It is of interest to note in figure that the friction 
coefficient for the body-centered-tetragona 1 structure of tin was 
lower than tiiat observed for tiie diamond structure. The opposite 
result was anticipated. Aoriesive bonding of tin to iron occurred for 
boUi crystalline forms, with sliding, however, shear was more 
effectively accomplished with the body-centereo-tetragonal structure. 
Thus, shear strength and resistance to shear were less for the 
tetragonal structure. Furthermore, ttie (110) plane of tin is the 
preferred slip plane with (.OOlJ and [lllj being the preferred slip 
directions. Ihus, shear resistance is at a minimum for tiiese 
orientations (.ef. I2b). 

The widtti of Uie wear track generated on the tin crystal surface 
varied with load and temperature. The variation of wear track width 
with load at -10n° L is presented in figure B3. As the load was 
increased, the track widened. For a bO-gram load the wear track width 
was more ttian twice as wide as it was for a 10-gram load. 

Tiie variation of track width with changes in temperature is 
presented in figure 84. At a fixed load of lO grams, there was no 
marked change in track width with temperature from -lOO’ to lb' L. 
Above lb' C, which was above the crystal transformation temperature, 
the track width increased linearly witit terperature. Below the 
transformation temperate e, tin is a semiconductor and relative 
brittle. Thus, changes in temperature are not expected to exert much 
influence on surface deformation. Above the transformation 
temperature, however, tin is a nietal and ductile and deforms with load 
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- Track width cifi tir. s my lt‘-cryst a 1 surface as function of 
iodt). SlulHio vt'locU>, I'. / itnllimeter p«*r minute, pressure, 
newton pe» s ire meter torr), temperature, -K'U* C, ruler, 

iron (110), sinq'e pass. 
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hiqure 84. - IracK width on tin sinyle-crystal surface as function ol 
temperature. Slidiny velocity, 0.7 millimeter per minute, loaci, 
lu yrams, pressure, lu"^ newton per square meter (Ur^^ torr), 
rider, iron (liO); sinyle pass. 



HI .1 pliistK iiMtUH’t . Kill'., tr.uk wiiltti iiitrt'iist's wrtti an imi iMsr in 
tuniporatur'u. 

MuHiu) 1)11 ttu' I III s I iiq lr> 1 1 >s t .1 1 surf are at tJ L ri'sulloil in 
rt'c r>st a 1 1 UMt ion ui Uio woai' track, oiatii bounoarios woi'o piosoiit in 
ttio wear- track. Iin n>c r ysla 1 1 i/fs at -4* l. 'luniuj arul 

associatocl strain supply '.'a* iiih ossar'y orior'yy tor' r'f^rysta 1 1 i/at ion . 

I tit’ 1 c'Ci yst a I I I/at loll w..s tontinoo to ttio wear tr ack. 

tr'iction oxpi'i* iiiionts wt'i'o coiiclucteu witli polycryst al 1 iiio tin and 
alloys of tin. tiinary tin al loys tontaiiniiq 1-atoiii u -por'cont bisiiiutti, 
coppi'i', c>t .1 luiii ilium wc’i'c c'x.iiiiiiu'il. Loot f ic U’lit s of friction wor'o 
iiioasui'c'cl over ttio tcMiipoi'aturo lariqo of -lUO* to ItiU* 1. Itio results 
obtainoci in ttioso oxpoi imonts ar'c> prc'soritoci in f iooic* bt). 

An oxamiriat ion of fiquro At) inciicatos ttiat ttior'o was a ctianyo in 
ttio friction (.oofficiont of po i yc rysta 1 1 ino tin at ttio t ransf oriiiat ion 
tcMiiporatui'o . Just as stiown try ttu' s imj lo-crysta 1 rc'sults in ficjuio In 
for ttio tllU) illlj or loiii at ion, ft let ion iiicroasoc) witti 
tr ai'sf onnat ion from ttio t)ocly-c c'litor t‘cl-totrac|ona 1 to ttio diamoiuj 
structui'o. 1 tio f rut ion cooffuiont of po lycrysta 1 1 iiu tin was, at 
all tomporatuios, tnqtior tti.in ttioso obsorvod for ttio suicilo-crystai 
oriontations in f iciuro In’. Itiis obsorvat ion is consistont witti ttio 
fi ictu)ii rosults for tit’xacional motals in ttioii' s iiici lo-c rysta 1 and 
po lye rys t a 1 1 ino forms. 

iiismutli addod to tin complotoly oliminatod tiio crystal 
transformation in tin (fui. bb). No ctiancjo in ttio friction 
coofficiont was obsorvod as ttic alloy passed ttiiouqti ttio crystal 
t ransf onnat ion roqion. 

Aluminum and copper botli increased ttio kinetics of ttie ottierwise 
slmiqisti tr ansf ormat ion from the body-centereo-tot ragona 1 form to ttio 
diamcuid form of tin. witti liotti copper' and aluminum a marked ctiange in 
friction coefficient was obsorvod as ttiesc* alloys passed ttirougfi ttie 
ci'ystal transf ormat ion. Ttie presence of aluminum in tin produced a 
nearly twofold decrease in ttie friction coefficient witti the 
traiisformat ion from the diamond foi'in of tin to ttio body-centered- 
tetragonal foi'ni. Itius, ttie data in figure 8b indicate ttiat the 
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Mqure bb. - Loffticient ot friction for po lycrysta 1 1 me tin anu tm 
alloys at various temperatures. Sliding velocity, 0.7 millimeter 
per mif te, load, 10 grans, pressure, 1.33xl('“^ newton per square 
meter ton ). 


t'ftects of tfio crystal trafist or mat ion ui tin on the friction 
coefficient can be controlled t>y proper alloyiny. 

UlU)lK-IUSOKUtK 


The arrangement of atoms is not only important to pure metals, as 
discussed earlier, but it is also important to the friction behavior 
of alloys. It iias lieen found that certain intermeta 1 1 ic. compounds 
extiibit different distributions of .itoms A in a lattice of B atoms. 
Wtien A atoms take up regular sites sucti ttiat ttiey are uniformly 
distrihuted ttirougfiout the lattice, as shown in figure bo for Lu^mu, 
ttie structure is said to bo ordered. 1 tie effect oi ttiis orderly 
arrangement of atoms on trictuni and elasticity and tiardness related 
to fnctiiJii is sfiown in figuri' b/. t-riction is lowest when the alloy 
IS in the ordered state. Transtormat ion to ttie disordered atomic 
state results in a decrease i;. hai dness and elasticity anu an increase 
in ttie friction coiffuient. 

Ttie copper-go U) alloy Cu>di also undergoes a transformation from 
ttie ordered to ttie disordered state. The transformation occurs at 
410° i. Friction experiments were conducted with ttie lumu alloy 
sliding on 440-L stainless steel in vacuum, knitn ttie alloy in ttie 
ordered state, a friction coefficient of U.3y was obtained. An 
increase in sliding velocity (and hence .r'terface temperature) stiowed 
a ctiange in friction properties. At about JbU centimeters per second 
a marked increase was observed. At higher sliding velocities, the 
friction again began to decrease. Itiis decrease may reflect a general 
de rease in mer.tianical properties with increasing temperature. 

A similar effect was noted with Lu^Au at these ingticr velocities. 

I he sfiarp increase in friction coefficient is believeo to reflect the 
transformation from the ordered to the disordered state for LuAu. 

In order to substantiate furtfitr tfie influence of ordering on 
CuAu, a specimen was del iberati'ly disordered before a friction 
experiment was performed, k/itn lumc in the disordered state and 
sliding on 440-C stainless steel, a friction coefficient of about 
1.2 was obtained over the entire range of sliding velocities 
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Figure 86 . - CU 3 AU superlattice structure. 



Figure 87. - hardness. Young's modulus, and coefficient of friction for 
CU 3 AU (75 at. % copper - 25 at. % gold) sliding on 440-C stainless 
steel at various temperatures. Load, 1000 grams; ambient pressure, 
10 “^ torr. 





invest I ydted. There were no chdiiyes such as reflected when order iny 
was present. 

I xjiii Hi.it ton of (ri(tion (oeftii lents from ttu' ordered to th«’ 
disordered state in the transt orniat ion region did not reflect an 
iti( rease in frution to l.<?, t tie value observed when the structurt was 
deliberately disordered before ttie experiment. This may be due to 
incomplete transf ormat ion from ttie ordered to the disordered state, 
kheo buAu transforms from ttie ordered to the disordered state, 
long-range order is destroyed, but stiort-range order still persists 
above the transformation temperature. This may not be observed for 
Cu^Au because of an abrupt change in properties with transformation. 

A friction experiment was also conducted witti cuAu sliding on 
44U-L stainless steel in vacuuni at various ambient temperatures, ttie 
results are presented in figure hb. At a constarit velocity of 
198 centimeters per second the friction at C was ttie same as that 
obtained in figure 87 for Lu^mu. A sligtit decrease in friction waS 
observed, then a marked increase at t to l.<^7. Tins change in 

friction is again believed to reflect ttie transformation from ttie 
ordered to the disordered state. 

hardness data at various temperatures were also obtained tor 
CuAu, and these results are also presented in figure 88. In the 
temperature region for transformation a decrease in tiardness was 
observed. These results are similar to ttiose obtained with Lu^Au 
and indicate the influence of the order-disorder transformation on 
properties other than friction. 

DtGRtE OF MtlALLlL NATURE 

Pauling in 1948 formulated a resonat ing-valence-bond theory of 
metals and intermetal 1 ic comipounds in which numerical values could be 
placed on the bonding character of the various transition elements 
(ref. 76). While there have been critics of this theory, it appears 
to be the most plausible in explaining the interfacial interactions of 
transition metals in contact with themselves and other metals. 
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Figure 88. - Hardness and friction coefficient for CuAu (SO at. % 
copper - SO at. % gold) sliding on 440 -C stainless steel at various 
temperatures. Load, 1000 grams; sliding velocity, ly8 centimeters 
per second; ambient pressure, 10~' to 10“® torr. 
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When two tnetal surfaces are placeO in contact in the aloniicall} 
clean state, tfie intermeta I 1 u honos that forth are goitig to Oepeno 
fKMvily on the cfiaracter of tlie bonoing in each of the metals. One 
inigiit predict from f'auling's theory tliat tfiose iiiotals wiKi strong o 
character would tie less likely to interact, forming strong inletfacial 
lionds witti ottier metals, ttian ffiose metals which do not have ttiis 
Strong ctiaracter. 

Mflhesion and friction enper iments have been condui ted with 
transition metals botli in bulk aiul tnin-filni form, kfesults for bulk 
metal friction measurements are presented in figure hg. Itie surface 
in contact with each of the transition metals in figure bg was a gold 
(111) surface. Ttie data in figure bg iruncate a decrease in friction 
with an increase in tiie d character of trie metallic bong, bimilar 
results were obtained in adtiesion exper inu>nts. 

Wtien ttiin films ( /OUU A) of some of ttie transition metals 
examineiJ in figure bg wer o placed on a guart^ substrate by sputter 
deposition and examineo in adiiesion ano friction experiments, adhesion 
and fr iction to iron decreased witti increasing d-bond ctiaracter. witti 
iron and tliose metals tiaviriy stronger d-bond ctiaracter (e.g., 
platinum), ttie interface' between ttie transition iix'tal and ttie quartz 
substrate was weaker than ttiat between ttie gold and ttie transition 
metal, and witti tangential motion ttie metal film separated from ttie 
quartz substrate, with iron an abrupt decrease occurred in friction, 
and witti all ttie metals wtiicti separated from ttie quar tz ttie friction 
was essentially ttie same as ttiat for gold in contact witti quartz. 

Metals are not always in contact with ottier metals, frequently, 
they are in solid-state contact witti nonmetals. does ttie d-valence 
bond ctiaracter concc’pt as developed by Pauling still tiold wlieii the 
transition metals slide on various nonmetals? 

Sliding friction experiments were conducted witti ferrite in 
contact witti a number of transitiori metals. 1 he friction traces witti 
metal-ferr ite couples are generally character ized by sii.oottily 
fluctuating betiavior witti no evidence of stick-slip, but ttie traces 
under high loads are ctiaracterized by stick-slip behavior, with the 
more chemically active metal titanium marked stick-slip behavior 
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Figure 89. - Coefficient of friction as function of percent d-bono 
character for various metals. Sliding velocity, 0.7 millimeter per 
minute; load, 1 grani; temperature, 23 t; and pressure, 10“^ torr. 


dppt‘t«rs dl ti loiUl of O.i:" rit>>*ton, »>tu'rt>ds hk»Ui t»u* h‘s*> i ht-tt: 1 1 d I 1 > 

.lit ivr c'K'tal itKMliiiiN stick- slip tii'lMV lor .ippoars uiuloi hiijiu'i loacJs ot 

nowtoii or moio. I tio c oof I u loiils of tricllori tor various n«*tdls 
slulimj on tfirito wor e uruit tfi too py lodcJ in Uie l aiiyt* ot U.Ub to 
U.b newton. 

llie coet t K lents ot triLtion tio’ various nn-lals wiin teirite are 
presonteo in tiyure as a tunctioci ot ttie d-puno cttaractei ot the 
tr'ansition metal. Thert- upp»*ai s to tie qood agreement tetween ttie 
coetticient ot tnttion and tin ctiemiral activity ot ttie transition 
mc'tals. lUanium, wtm h has a strpnn chcMi iral attinit^ tor Uie iroii 
and oxvt)»*n in territt, extiituts a cons idei .iti 1> nujhei coettuieiit o1 
trie t ion in cemtact witti territe Ih.in does rnodium, wh u ti lias d lessi i 
dttinity tor ttiese two elena-nts. 

The d-valence hone) ctiaracter of tfie ti ansilion mc'lals ii.r luences 
the coetticient of tnction tor mc’tals in coiitact witlt silicon carliioe 
just as It does tot metals in contact witii ttiemselvos and teirite 
(ret. Ic'b). Only tiie slope ot Hie i urve* is oliservc’d to cnaruje. 

Ifie data in fiijure bl imiuati t lie coettuients ot tiictic'ii tor 
some ot ttic transitu'n netals in contact witti a single-crystal cliaiiiond 
(Hi) sort act’ as a tuiution cit Hie cl-hond ctiaiacter ot the melil. 

The data indicate a decrease in trution witti an increase in d-bond 
ctiaracter. litanium and /irconium, wtiicti are ctic^iiic al ly very active 
when III coiitac t witti diamond, exiiibit very strong intertacial adhesive 
bonding to cHamciiid. In contrast, rtiodium and rtieniuiii, which tiave a 
very tiigh percentage ot d-bonci ctiaracter, have relatively low 
coet f ic ients ot tnction. Tigure til also presents the tridion data 
for a diamond sort ace i sliding contact with a yttrium surface. 
Yttrium gives a higher coefficient of friction than that estimated 
from the data of other metals. Ttiis may be due to the effect of 
oxygen. An argon- spot ter-c leaned yttrium surface seems to be covered 
by an oxide surface layer. It is very difficult to remove the oxide 
surface layer from yttrium by argon- sputter cleuning for il’ to 
bO minutes. Ttie effects of oxygen in increasing the friction is 
related to ttie relative chemical ttic rmodynamic propert iej and bonding 
of carbon to oxygen. The greater ttie degree of bonding across the 
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Figure yO. - Coefficient of friction as function of percent d-bond 
character of various metals in sliding contact with single-crystal 
manganese - zinc ferrite (110 ) surface in vacuum (10“^ torr). 
Single-pass sliding; sliding velocity, 3 millimeters per minute; 
load, 0.3 newton; temperature, 2b* C. 
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Figure yi. - Coefficient of Friction as function of percent of metal 
ci-bond character for single-crystal diamond (ill) surface in sliding 
contact with transition metals in vacuum. Sliding direction, <llo>; 
sliding velocity, 3x10"^ meter per minute; load, O.Ub to 0.3 
newton; room temperature, vacuum pressure, pascal. 



If t <*rl t Hf hiijMrf Ihi- LOft f ic I* nl uf triilluM. Ih l>u of 

yttrium, oxygon on tfw Surtdto loitOi to strongly chomicdlly tionu tno 
yttrium to trie oidiuono surtdc»'. 

SHtAK STAtNUinb AM) FKlLllON PKUPERTItS 

A c li dfi motdl in sluiliuj conl.ict with d clodn noniiietdl or tfu* 
metal itself tails either in teiisiifi or in sfiear because the 
intertacidl bonus are generally stionger tfian tfie cofiesive bonus in 
the cofiesively Meaker metal. 1 he faileu metal subsequently transfers 
to nonmetdllic material or tin* otfier contacting metal. In aufiesion, 
tensile fracture is usually involviu; in sIlUing friction, the iiietal 
shear strength is extremely important. The relationsfiip bet**een tiie 
lueal afiu actual sfiear strengths aiiU tfie friction properties of metals 
in contact with metals ano nonmc^tals is fiow oiscusseu. Tfie ideal 
sfieai strernjtli of ii solid sulijectfd to a simple sfiear mode of 

def urination is estimated (ref. lJu). I he actual sfiear strengtfis for 
the iiietals art* taken from tfie data of bf idgman (ref. ial). 1 fie 
nonmc'ldls examin»;u included single-crystal diamond, pyrolytic boron 
nitiu';', s inule-crysta I siluuii carbide, and single-crystal 
manganese - /iiu feirile. 

witfi regard to tfie idfiesion and fi ictlufi of im tals in contact 
witfi noiKic'ta Is or tfiemselves, pure metals, fiigfi purity noniiieta I s, and 
a good experimental vacuum system ( lu“ Pa) were used to ensure a 
fiigfi degree of purity ana c Icaiiiness, well-defined mecfianical, 
pfiysital, and cfieniical befiavior, and environment, arid to facilitate 
the determination of tfie effect of material behavior. Tfie metals, 
noniiietals, apparatus, and experimental procedures related to tfie 
results reported herein fiave already beeii described iii reference 

Tfie generally accepted thinking with respect to fracture of 
solids IS that of the ideal elastic solid or one wfiicfi exfiibits 
elastic response to a load until sucfi time as atomic separation takes 
place on a plane by overcoming the interatomic forces. At the 
atomistic level fracture occurs when bonds between atoms are broken 
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across a fracture plane ano a nei« surface is created. Hus can uccur 
by break iny bunds perpendicular to tbe fracture plane (fly. W(a)) or 
by shearing bonds across the fracture plane (fig. y^(b)). juch 
behavior is enpocted in the cast* of an ideal crystalline solid whun 
contains no defects of any kiiuj. At tfiis level the fracture criteria 
are simple, fracture occurs wtien tiu’ local stress builds up eitiier to 
the theoretical cohesive strength (.r- to the theoretical shear 
strength. Tfie theoretical coiiesivi* strength is discussed in 
reference 1J<'. 

lire calculation of tiie trieoretical cohesive strength of an ideal 
elastic solid is based on the proposition ttiat all the energy of 
separation is available tor trie creation of two new surfaces, the only 
expenditure in creating these two surfaces is assumed to be tire 
Surface energy. It atoms A .tno m' in tigure are pulled 

apart, the stress required to separate tire plane is Uie ttieoretical 
strengtii ano wfien Uial is rr'actieO, trie bonds are brokeri. The 

theoretical streriglli (tiie ideal uniaxial tensile strength) is then 
given by the well-known eguai ion 



where i is trir> appropriate Young's modulus, r the surface energy 
per unit area, arid d tne interplanar spacing ot tt'e planes 
perpend 1CU I ar to the tensile axis (refs. 133 to 13b). In this 
equation tiie ideal strength of tiie solid is directly related to otiier 
macroscopic physical properties. I ne foregoing approach is equally 
applicatile to any solid. l-r‘«*nkel u.ed a similar iix'tnod to estimate 
the Ideal shear strengtii o of a solid sutijected to a simple 
shear mode of deformation (refs. / or 13). It is assumed that, for 
any solid, the shear stress to shear ariy plane a distance x over its 
neighbor was given by 
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Fiqurp 92 . - Fracture vleweo at atomistic level In terms of bre'king of 
atoniic bonds. 
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whorr t> IS thf (ipprupr idt(* n‘pi*dt distdiice in the direction tit 
shcdr. The p'uiies dre dssumed to be und istorted b> the shear. K is 
chosen to give the correct shear modulus G. It Cdii then be shown that 

, It 

^ma*. * ?n(l ^ 

where d is the interplanar spacing of tiic siieufing planes. 

The values tor ttie ideal shear strength were obtained from 
equation (J). It is assumed ttial ttie slip occurred ofi the slip plane 
in the slip direct ion. 

This type of diidlysis of tiie ideal shear strengtti generally 
produces a correlation with friction properties tif metals in contact 
witli nonmetals an I themselves (fig. ya). The coefficient of friction 
data used for various clean metals in contact with clean diamond, 
pyrolytic boron nitride, silicon carbide, manganese - /inc ferrite, 
and metals themselves were from references l<?y and 13/ to 13y. 

Figures y3 to yb present Uie coefficients of friction as 
functions of the ideal shear strength for metals in contact with 
various nonmetals. The data of tiiese figures indicate a decrease in 
friction witii an increase in tiie ideal shear strengtii of ttie metal 
bond. 

The shear strengtii values for the body-centered-cubic metals are 
average values calculated from the values of the siiear strengtti for 
three dominant slip systems. Those for the hexagonal metals are 
average values calculated from the values of the shear strength for 
two doiiiinant slip systems - that is, (lOlU) (11?U> and (UUDl) (1120). 
Ihere appears to be particularly good agreement between the friction 
of metals in contact with silicon carbide and ttie ideal shear strength 
(fig. y3). 

Thus, the ptiysical properties and the crystallographic system 
play impr-f am roles in adhesion and friction o. metals contacting 
nonmetals or metals contacting themselves. These simple calculations 
of the ideal strength and the correlation between the friction and the 
strength ca.i be criticized on a variety of grounds. The extent of 
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la' ^or sioqlf -cryitjl diamond (Ul» yu'lac# in klidinq contact 
Mitn various potycry stall me mftals. Slidinq direction, 
siidinq velocity. 3nm/minl(Md. OL W to 0. 3 N; room tempera 
ture. vacuum pressure. 10'® Pa 


‘ let For various sinqie- crystal metals in sliding 
contact «vith themselves. Sliding velocity, 

Q 1 mm/miH; load. 0 01 N, room temperature; 
vacuum pressure. 10*' Pa. 


<l lor pvrolylic t>oron nilridf m sliding contact with sirigle- 
(rystai mftns Sliding velocity. 0 11 mm'min, load. 0. 3 N, 
roof^ temperature, vacuum pressure. lO'^tPa. 

OAl 


Ideal shear strenqtri, 

«c‘ lor smqie-crystai silicon carpide lOOOli surtace m sliding 
contact witr'» .arious polycrystallme metals Sliding direc 
tion. lOlQ . sliding velocity. 3 mnmn, load. 0. OS to 0 S N, 
rixi'^ temperature; vacuum pressure. 10*^ Pa 
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10'- CrO\ 

\ No 
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td» For single-crystal manganese /me ferrite 
<11C‘< surface .n sliding coritact vyith various 
polycrystaili.ie metals. Sliding direction, 
vllO . sliding velocity. 3 mn'min load. 0 3 
N; room temperature, vacuumpressure 
10 ® Pa. 


igure - Coefficients of friction as function of the ideal shear 
strength of metals. 
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slip in d crystal depends on the magnitude of the shearing stresses 
produced by the applied forces and the orientation of the crystal with 
respect to these applied forces. Ihis variation can be rationalized 
by the concept of the crystal's resolved shear stress tor slip, 
bepsite the foregoing, the results of the relationship between the 
coefficient of friction and ttie ideal strength may lead to an 
appreciation for the role of tlie physical properties of materials in 
determining the tribological properties and the mechanical behavior of 
metals. 

A good correlation between the coefficient of friction and ttie 
shear modulus was also found with metals contacting nonmetals and 
metals. The correlations are very similar to those between the 
coefficient of friction and the shear strength (fig. yj). 

SUKFALL StbKtGATlON 

Many friction, wear, and lubrication studies are performed on 
materials that are either alloys or (tave relatively fnyn bulk 
concentrations of contaminants such as carbon. The assumption is 
often made that bulk properties reflect surface effects. In the past 
15 years, the ability to characterize surfaces has advanced greatly. 
Lttl) (low-energy electron diffraction) (ref. 14U) fias been used to 
examine changes in the surface structure of single crystals. AtS 
(Auger emission spectroscopy) (refs. 141 and bB) has been used to 
determine surface composition both qualitatively and quantitatively. 
The ability now exists to examine to what degree bulk composition 
reflects surface structure and composition. 

Results are presented herein on some alloys systems - single 
crystals or Lu - 1-atomic-percent Al, Cu - 5-atomic-percent Al, 

Cu - lU-atomic-percent Al, and Cu - 1-atomic-percenf Sn and 
polycrystalline Fe - 10-atomic-percent Al. AES, 1 cEU, adhesion, and 
friction experiments were performed on samples of the alloys indicated 
in addition to performing sputtering studies. The results of the 
studies demonstrate that bulk conditions do not reflect surface 
conditions in that in each case the minor constituent segregated at 


th»' surtau'. In adJitiun, friction and adhesion data indicate effects 
that are mucii larger than would be expected from bulk concentrations. 

A mode* I for t lie surface* se*gre«|at ion mechanism is also discussed in 
references lOb and 14? to 14b. 

1 iie copp(*r-a luminuni crystals studied were cylindc*rs varyiiu) frcxii 
U.b to U.tt centimeter (both in radius and height). The copper-tin 
crystals were rectangular prisms 1.. by U.bb by U.b centimeter. Botfi 
crystals were oriented in the (111) direction. The copper-aluminum 
c*‘jC*?.ls were substitutional solid solutions having 1-, b-, and 
10-atomic-percent aluminum in copper'. The copper-tin crystal was a 
solid solution with 1 atomic pc'rcent tin in copper. Hie crystals, 
triple-zone refined, contained no more than lU ppm impurities. Pure 
aluminum and copper crystals were used as standards tor ttie Atb 
studies. Ihe crystals were polished to bUU grit on metallurgical 
papers and then electropol ished in orthophosphor ic acid. 

The iron-aluminum alloys studied were polycrystalline solid 
solutions made by vacuum melting from 99. yy percent *ron and 99.99 
percent aluminum. The iron alloys were machined into disks and pins 
used in the friction experiments. These samples were given a final 
polish with alumina in water. 

A disk of iron - lO-atoniic-percent aluminum was used for tiie Atb 
studies, rtiis sample was electropol ished in ort hopiiosphor ic acid 
before mounting in the vacuum syS'.em. Higfi-pui ity research grade 
argon was used for sputtering the crystals. 

The apparatus used for tiie Alb-LLcL) and adhesion studies is 
described in references Ibb to Ibb. The specimen studied could be 
rotated JbU” to allow Atb, LELL), and adhesive contact analyses as well 
as ion-bombardment cleaning. The vacuum system consisted of sorption 
pumps, an ion pump, and a sublimation pump, which enabled obtaining 
system pressures of ?xlu~^^ torr when data were taken. 

Friction experiments on tiie iron-aluminum alloys were performed 
in the rider-disk apparatus described in reference 14a. Riders and 
disks were formed from the same* material. A plexiglass box containing 
the friction apparatus was continuously purged at a positive pressure 
with dry arqoi 



1 h»' suif.Ki's of dll SdiiipU'S us*‘d In the ALb-LtLU studies were 
cleaned by first outyassing at bUO"^ L until the system pressure 
reached tlie 10“^^ torr range and tfien by alternately sputtering and 
heating until the principal impurity peaks - carbon, sulfur, and 
oxygen - were removed front tiie ALb spectrum. 

To demonstrate surface segregation, the same procedure was used 
for all tiie alloys. The alloys were first sputtered for long times to 
remove many layers. An ALS trace was taken after sputtering. The 
crysta’s were then heated at temperatures from lUU’ to 7UU* L, and 
after heating the crystals were allowed to cool to room temperature. 
AES traces were tiicn taken in regions wliich displayed the peaks of 
interest . 

Ttte adhesion experiments were performed by making contacts 
between the crystal of interest and a gold crystal oriented in the 
(111) direction. Tor tiie copper-a 1 uniinum alloys, the crystals were 
cleaned, and tiien tiie amount of force necessary to break the bond 
resulting from a ■’U-mi 1 1 igram load was determined. With the copper - 
1 atom ic-perc*. lit tii alloy the amount of force necessary to break the 
bond formed was determined after sp'ittering an l after heating. 

Triction coefficients were determined for the iron - lO-atomic- 
percent aluminum alloy and pure iron witii the rider-disk apparatus. 

Tile experiments were performed with varying percentages of stearic 
acid in hexadacane as a lubricant. The load used was rbU grams, and 
the sliding velocity was J.b centimeters per second. 

Tiie results of the surface segregation studies are shown in table 
XIII for all the ..loy systems studied. Ihe alloys all show surface 
concentrations much higher ttian bulk concentration. Surface 
segregation occurred readily at i^OU' C in the copper systems. The 
iron system was cfiecked only at bUU’ C, but it siiould betiave similarly 
at iOO' t. In interpreting these results, several assumptions were 
made. First, after sputterimj and removing many layers (>13b0) the 
peak to peak amplitude of the minor constituent Auger peak is assumed 
to reflect bulk concentration. Weimer (ref. lAb) points out that this 
is a reasonable assumption. Ihe peak to peak amplitude of the minor 
constituent Auger peak after heating is assumed to be linearly related 


TABLE XIII. - MAXIMUM COVERAGE OF MINOR CONSTITUENT ON ALLOY SURFACES 


Alloy 

Ratio of surface con- 
centration to bulk 
concentration 

Atomic size from lattice nearest 
neighbor distance 

Cu-1 at. % Al 

6.b 

Cu - 2.bbb A (f .c.c. ) 

Cu-b at. % Al 

4.b 

Al - 2.862 A (f.c.c.) 

Cu-10 at. % Al 

3.1 

Sn - 3.022 A (tetragonal) 

Cu-1 at. % Sn 

Ib.O^i? 

Fe - 2.481 A (b.c.c.) 

Fe-10 at. %A1 

8.0 
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to the post-sputtering dinplitucJe. Ihis gave d wd> of calibrating the 
concentration in the surface region. A discussion of the use of Auger 
spectroscopy for quantitative analysis can be found in the literature 
(refs. 141 and bU). 

LttU gave an independent means tor checking surface changes. 
Figure 94 gives LttD patterns and their interpretation fo- the 
copper-aluminum (Cu-Al) system. The cu - l-atomic-percent A1 crystal 
(not shown) had no additional spots in its pattern. The i.u - 
b-atomic-percent Al crystal had faint extra spots indicating a 
partially formed layer (ref. 147). The copper - 1-percent tin crystal 
gave the same LEtD pattern as the higher concentration copper-aluminum 
crystals. LEED patterns give the correct symmetries for a surface, 
but distances appear as reciprocals. 

interpretation of the LLID patterns (fig. 94(c)) in terms of the 
real crystal structure suggests that the minor constituent pops out 
onto the surface and diffuses to preferred locations. Tfte LEEU 
results agree with the AES results tor surface coverage with the 
Cu - lO-atomic-percent Al sample. Assuming only two layers are being 
sampled by AES following segregation and only one layer before LEEU 
observations would predict a concentration of U.id for the top layer 
and 0.1 for the next layer giving a total of 4.J times, which agrees 
well with the maximum coverage observed by AES. The Cu - 1-atomic- 
percent Sn crystal had the same LEEU pattern with well-definea spots. 
Since the iron sample was polycrystalline, no well-defined lEEU 
pattern could be discerned. The results of cotitrolled sputtering 
studies on the Cu - 10-atomic-percent Al crystals also set two layers 
as an upper bound on tfie region of increased concentration. 

Figure 9b shows the results of sputtering, heating to the 
indicated temperature for 30 minutes, and then cooling to room 
temperature before taking an Auger trace on the copper-aluminum 
alloys. Two features can be observed in these curves: first, the 

surface concentration depends on bulk concentration, and second, the 
concentration saturates with temperature. 

These and the previous observations lead to an interpretation of 
the results as being segregated at the surface. An analogy between 



surface segregation and grain boundary segregation can be readily 
made. As McClean (ref. lUB) describes for the grain boundary case, 
when the solute atom is large compared to the space available in the 

solvent, lattice strain results. This strain can be relieved by 

having the solvent occ'ipy a less strained position in the grain 
boundary or on the surface in this case. In addition, there is 
another contribution to reducing the energy from valence interactions 
with the excess electronic charge in the grain boundary or on the 
surface. It should be pointed out that segregation of the minor 
component is the equilibrium condition (i.e., the condition of lowest 

free energy) and should be expected as the normal state of the 

surface. Sputtering in the experiments creates a nonequi 1 ibr iuni 
condition, however, at room temperature, diffusion is slow and, 
consequently, the approach to equilibrium is slow. Heating allows the 
surface to approach equilibrium rapidly, heating and stresses 
experienced in friction experiments could also act as mechanisms 
promoting the rapid approach to equilibrium. 

McClean has an expression based on a statistical thermodynamic 
argument that describes the equilibrium grain boundary or surface 
concentration as a function of bulk concentration, temperature, and 
retrieval energy: 


,.g/KT 
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where 

fractional grain boundary or surface concentration of tiie 
solute 

fractional bulk concentration of the solute 
Q retrieval energy gained by segregation 

R gas constant 

T temperature 

The data in figure y4 are interpreted as representing the room 
temperature equilibrium concentrations. The saturation at high 
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temperature reflects the fact that for T > JOO* C, and, 

consequently, no change is observed In what is precipitated onto the 
Surface in the cooling process by heating or higher temperatures. 

The Q calculated for the three copper-aluminum samples 
( llbO cal/mole for lu - 1-atomic-percent Al, lUi:U cal/mole 
for b-atomic-percent Al, and 1190 cal/mole for lO-atomic- 
percent Al) are in resonable agreement with each other. These values 
are smaller than the strain energy in the bulk, but tins is to be 
expected. The aluminum in iron and the copper-tin samples show much 
higher surface concentrations than copper-aluminum. This result might 
be expected on the basis of this model since the copper-tin and the 
iron-aluminum misfits are larger and bulk elastic properties are 
different from copper-aluminum, consequently, a higher strain energy 
and hence higher surface concentration for a given temperature might 
be expected. 

An important point to be made from the results of these studies 
is that in performing adhesion and friction experiments the surface 
conditions may vary radically from bulk concentration, since most 
materials used are either alloys or have bulk contaminants such as 
carbon or sulfur. In addition, surface chemistry may be radically 
affected by these surface conditions and surface reaction may not be 
at all what would be expected if bulk concentrations are assumed. 

Figure 9b summarizes the results of adhesion experiments on a set 
of copper-aluminum alloys and a copper-tin alloy with a gold (111) 
single crystal. In the case of copper-aluminum, small percentages of 
aluminum in these alloys radically affect the adhesive properties as 
compared with pure copper; in fact, the bonding force rapidly 
approaches that observed with pure aluminum-gold. 

For the copper-tin specimen (fig. 9b), a somewhat different 
experiment was performed. Tht adhesive behavior following sputtering 
and heating was observed. As can be seen, after heating the adhesive 
bonding force is reduced. This beiiavior can readily be explained by 
using the results of the surface segregation experiments. As shown 
there, the solute is popping out onto the surface and presenting a 
substantially different surface to the gold crystal. One would a 
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priori expect tiidt the affects on adhesion would only reflect hulk 
concentration if surface segreyation did not occur. Large changes in 
surface properties with adsorption are well known, for example, the 
work function of tungsten changes radically with cesium adsorption 
(ref. 14H). At 0.7 monolayer the work function drops from b to 
1.4/ electron volts. At 1 monolayer it is if. lb electron volts, 
approximately the work function of pure cesium. Therefore, it is not 
surprising that if indeed the solute atom were popping out onto ttie 
surface, large changes in adhesive behavior would be expected. 

friction experiments sriowed that surface segregation has 
practical relevance, friction experiments were performed on a number 
of polycrystalline iron-aluminum (fe-Al) alloys. The results on 
fe - lU-atomic-percent A1 upon whicft ALS surface segregation 
experiments were performed are presenteu as typical exaiiiples of the 
results, figure y/ sfiows trie variation of friction coefficient for a 
Surface lubricated witii iiexadecane containing varying percentages of 
stearic acid. The dry friction coefficients arc much higher than for 
pure iron as would be expected from both the Atb results on 
iron-aluminum and the adhesive behavior. The lubricated friction 
behavior with stearic acid present also varied greatly from pure iron, 
this indicates that changes in surface chemistry occurred witfi the 
Fe - lO-atomic-percent A1 alloy. 

Therefore, even in tiie friction process wiiere the surface layer 
could be worn away, surface segregation can be occurring to replenish 
the worn layer and can be producing marked changes. As stated 
earlier, lattice stress along with thermal effects could be sufficient 
to promote surface segregation. 

Alteration in both adhesive and friction properties of alloys or 
materials containing contaminants may occur much in excess of what 
would be expected on the basis of bulk concentration. This effect has 
been seen with copper-aluminum, copper-tin, and iron-aluminum alloys. 
AES and LEED can be used to supplement experimental observation in 
practical frir* jn studies and aid in the interpretation of results. 
AES and LEED iiave shown that conclusions based only on bulk 
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composition of materials can lead to a misinterpretation of 
experimental results. 


MtTAL ALLOY EFFECTS 

In practical lubrication systems the mechanical components in 
solid-state contact are most frequently alloys rather titan elemental 
metals. The composition of these alloy surfaces are important in 
considering the chemi.al interactions of such solids with other 
solids, with gases, and with lubricants. Even where elemental metals 
are used, the surfaces of these metals may have compositions entirely 
different from the bulk which results from impurity segregation. 

The field of tribology contains a number of excellent texts. 

Many of these books do not, however, discuss the real nature of the 
surface to be lubricated (see, e.g., refs. 36 and 149 to 151). Much 
attention is given to the chemistry of the lubricant but little to the 
chemistry of the alloy surface to be lubricated. In fairness to the 
authors of these texts the identification of these surfaces with 
surface tools just began to emerge at the time these texts were 
written. Future texts on the subject should, however, not neglect the 
importance of the metal or alloy surface chemistry and the interaction 
of the lubricant with that surface chemistry. 

With elemental metals, the effect of small concentrations of 
impurities such as parts per million carbon in iron have been shown to 
affect surface chemistry. This was discussed earlier in this thesis. 
Similar effects have been observed with other impurity elements in a 
number of different metals. 

The presence of small concentrations of alloying elements can 
alter environmental surface interactions. Certain alloying elements 
may react more readily with tiie oxygen present in the environment than 
would other elements. These differences in reactivity of various 
elements with oxygen can alter friction and wear behavior. 

In figure 98 the friction coefficient is plotted as a function of 
oxygen exposure for iron and for an Fe - 3.5-percent Si alloy. Prior 
to the admission of oxygen, the friction coefficient is extremely high 



Figure . - LoeftKictit o» fricluni for iron ano j 1/ Z-pt‘rcerU 
silicon-iron as function of ox>gen exposure. Slicing velocil), 
O.Oul cent inieter per secona, amt'ient temperature, cU L, amoient 
pressure, 1U~1^ torr. 
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for the alloy, and thi* pure iron seizes completely. As the surfaces 
are exposed to oxyqen, the friction for both the alloy and the 
[ elenn'ntal iron detr«*ase. This decrease occurs, however, niuch more 

rapidly for the alloy than for the iron. The difference is due to the 
segregated silicon and its interaction witti oxygen at the surface. 

The sliding process is capable of generating sufficient frictional 
heating to cause the silicon to segregate at the alloy surface. Auger 
f analysis confirmed its presence. Ihe alloying element silicon has 

• markedly changed surface cfiemistry. 

last irons, because of tfieir good resistance to wear, have been 
[ used in a wide variety of r.x?chanical systems for many years. They 

I have been used in piston rings, bearings, brakes, seals, and so forth. 

I (he wear resitance of cast irons depends very heavily on the 

I elements and structures present. The influence of alloying elements 

1 on wear behavior of cast irons was recognized very early (ref. lb?). 

Disagreement, however, fias existed as to the specific role of certain 

I 

[ elements in affording wear resistance (ref. l?b, p. 222 ). 

I In general, it is thought that wear decreases with increased 

I pearl ito and graphite content (ref. Jb, p. 318). Purtiiermore, those 

I elements which tend to increase tiardness of the cast iron increase 

i resistance to wear (ref. IbJ). 

Friction and wear experiments were conducted in argon with the 
gray cast irons. I ho results obtained are presented in figure yy. 

^ both friction and wear were reduced with increasing carbon content of 

the gray cast iron. A <.’-percent increase in carbon content resulted 

t 

I in a fourfold decrease in the friction coefficient, furthermore, a 

I 

I linear reduction in wear track width occurred witii increasing carbon 

content. Surface profilometei examinations of the wear tracks 
indicated that wear occurred to the cast iron. The wear profile depth 
[ was not hemispherical as might be observed when the flat undergoes 

I plastic deformation but was generally equidistant in depth from the 

1 surface along with width of the track. 

The load applied to the steel ball to obtain the results of 
. figure yy was bO grams. To determine the effect of load on friction 
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and wear, experiments were conducted at various loads from bU to 
<?f)0 grams for a gray cast Iron having 4.3i?-percent carbon. The 
friction coefficient decreased with Increasing load to ibU grams and 
then remained unchanged with further Increases In load. Lonsidering 
that sliding was conducted under dry, unlubricated conditions, the 
friction Is extremely low at the higher loads, O.lb. 

The wear of the gray cast Iron Is a direct linear function of the 
track width. The greater . <e load, the greater Is the wear. 

Figure lOO Is a photomicrograph of the wear scar on the 
3.02-percent gray cast Iron structure. The graphite flakes have been 
smeared out over the surface as a result of the rubbing process. 

In reference 154 the observation was made that wear to cast Iron was 
affected by the sue and distribution of graphite flakes. Wear was 
found to be related to total carbon content, and the greater the 
carbon content, the greater the fraction of contact surface area 
covered by smeared graphite. This would seem to indicate that a 
relationship exists between graphite content and wear for cast Iron. 

In an ordinary air environment, the surface layers on the surface 
of cast Iron have been found to be a mixture of graphite and iron 
oxide (fejU^) (ret. Ibb). With the argon environment used herein, 
the surface present In the wear track shown In figure 100 must be 
considered to be essentially graphite with a minimal amount of normal 
residual surface oxide. 

The results obtained In figures 99 and 100 were for flake 
graphite In gray cast Iron. Studies have been conducted on spheroidal 
graphite In cast Iron (ref. Ibb). While the author of reference 174 
did not specifically examine the effect of carbon content on friction 
and wear, he did conclude that the wear characteristics of spheroidal 
graphite and flake graphite cast Irons were similar. It might, 
therefore, be reasonable to assume that cai bon content In spheroidal 
graphite In cast Iron may have a similar effect on friction and wear 
as that observed for a gray cast iron. 

The conclusion that graphite in gray cast Iron Is lubricating can 
be strengthened If the surface of the gray cast Iron can be shown to 
be sensitive to moisture. Since the nraphite In gray cast iron is 
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Figure 100. - Wear track on 3.02-percent carbon in gray cast iron 
having been in sliding contact wHh a 52100 steel ball for 1 hour. 
Sliding velocity, b centimeters per minute; load, SO grams; argon 
atmosphere; temperature, 23* C. 
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lubricating the surface, the friction behavior of that surface should 
be sensitive to moisture. This must be so because the friction 
behavior of graphite, as is well known, is very sensitive to moisture. 

friction and wear experiments were conducted with 4. Ji'-percent 
carbon in gray cast iron in an argon environment containing various 
percentages of relative humidity from iero to operating under water. 

friction data indicated that the friction coefficient of gray 
cast iron is sensitive to nx’isture. The friction coefficient 
decreased with increasing relative humidity to bO percent and then 
increase, tfiereafter. Tfiis decrease with an increase in relative 
humidity to percent is consistent with the friction behavior of 
graphite. 

At 80-percent relative humidity and under water, the wear surface 
contained in addition to graptiite iron oxide it was 

identified from its characteristic color. The presence of this oxide 
was not observed in the wear track at bO-percent relative humidity and 
less. Iron OAide is abrasive, and this fact may account 

for the increase in friction observed at the higher amounts of 
humidity. It can also explain the increase in wear observed in water. 

The graphite flakes present in the gray cast iron take some time 
to become smeared out over the surface when sliding or rubbing is 
initiated on a virgin surface. As a consequence, friction is 
initially high and decreases with time. After some time, an 
equilibrium condition is readied where tfie surface is fairly uniformly 
covered with graphite and friction reacfies a constant value of U.<?. 

If the decrease in friction coefficient with an increase in 
relative humidity is related to a sensitivity of the graphite rather 
than the iron surface to moisture, then a decrease in friction with 
sliding time should be observeii similar to that seen in dry sliding. 
Iron does not exhibit this t i me -dependent sensitivity. The results 
obtained for bO-percent relative humidity indicate that there is a 
t i me -dependent sensitivity. Ihus, it is the graphite sensitivity to 
moisture which affects the friction behavior of gray cast iron. 

Oils will readily chemisorb to metal surfaces while the bonding 
of graphite to metal is poor. It is possible, therefore, that the 




graphite films on the surface of gray cast Iron might be readily 
displaced by a lubricating oil. Friction and wear experiments were 
therefore conducted with gray cast Iron In the presence of oil. 

The results of these experiments showed that, even when gray cast Iron 
Is lubricated with a mineral oil, graphite smears out In the wear 
contact zone. The amount of graphite Is less and the film Is thinner 
but Is nonetheless present. 

The atomic size and concentration of the alloying elements are 
extremely Important for the abrasive-wear and friction behavior of 
Iron-base binary alloys In contact with silicon carbide. The 
coefficient of friction and abrasive wear volume generally decrease 
with Increasing solute concentration (ref. Ib7). There Is a 
correlation between the solute to Iron atomic radius ratio and the 
coefficient of friction. There Is also a good relation between wear 
and the change In solute concentration. Friction and wear decrease as 
the solute to Iron atomic radius ratio either Increases or decreases 
from unity. Of further Interest are the effects of atomic size and 
concentration of alloying element on the adhesive wear and frictloti of 
alloys. 

Friction experiments were conducted with silicon carbide In 
sliding contact with simple binary alloys of iron. Friction was 
measured for a 4 -atomic-percent concentration of alloying element in 
iron and for an alloy composition representing the maximum solubility 
of the alloying element in iron. 

Figure 101 presents the average coefficients of friction for the 
various alloys of iron as functions of solute to iron atomic radius 
ratio. In figure lOl(a) the solute concentrations are all about 
4 atomic percent. In figure 101(b) the coefficients of friction are 
plotted for the maximum solute concentration of each alloy. The 
maximum solute concentrations are up to approximately 16 atomic 
percent. 

There appears to be good agreement between the adhesion and 
friction and the solute to iron atomic radius ratio. The correlation 
of the coefficient of friction and solute to iron atomic radius ratio 
is separated Into two cases: first, the case for alloying with 
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ill Solutt concmtratlon of about 4 at %. 
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Figure lUl. - Coefficients of friction for iron-based binary alloys as 
function of solute-to-iron atomic radius ratio. Single-pass sliding 
on single-crystal silicoti carbide (OOUl) surface; sliding 
direction, <loTo), sliding velocity, 3 millimeters per minute; load, 
0.2 newton; room temperature; vacuum pressure, 10“^ pascal. 


mdngdnese dritt nickel, Minch hdve snidller dtomic rddn tiMn non, aiul, 
second, the case for alloying Mith chromium, rhodium, tungsten, and 
titanium, which have larger atomic radii than iron The coefficients 
of friction increase generally as the solute to iron atomic radius 
ratio increases or decreases from unity. The increasing rate of the 
coefficients of friction for alloying elements that have smaller 
atomic radii than iron are mucii greater than that for alloying 
elements that have larger atomiic radii than iron. The atomic size 
ratio values reported here are from reference Ibd. The correlation 
indicates that the atomic size of the solute is an important factor in 
controlling the adhesion and friction in iron>base binary alloys as 
well as the abrasive wear and friction reported by the present authors 
(ref. 17b) and the alloy hardening reported by Stephens and Witzke 
(ref. 17b). 

A more detailed examination of figures 101(a) and (b) indicates 
that the correlations for manganese and nickel are better than those 
for titanium, tungsten, rhodium, and chromium. The coefficient of 
friction for rhodium is relatively low, while that for titanium is 
relatively high. The relative chemical activity of the transition 
metals (metals with partially filled d shell) as a group can be 
ascertained from their percent d-bond character, after Pauling. 

It has already been determined that the coefficient of friction for 
silicon carbide in contact with various transition metals was related 
to the d-bond character - that is, chemical activity of the metal 
(ref. 159). The more active the metal, the higher the coefficient of 
friction. The greater the recirprocal percent d-bond character, the 
more active the .netal and the higher the coefficient of friction 
(ref. 159). 

Rhodium-iron alloys in contact with silicon carbide showed 
relatively low friction. On the other hand, titanium-iron alloys 
showed relatively high friction. The results seem to be related to 
the chemical activity of alloying elements; that is, rhodium is less 
active, and titanium is more active. The good correlation for 
manganese, nickel, and chromium is due to the reciprocal percent 
d-bond character for those being the almost same value for each. 
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CUNaUDlNG REHAKKS 


The results pres*...l«J herein indicdte that real tr *bolooi-;al 
surfaces art* niatkeOly diftcmu than previously thought. Surface 
analyses indicate that more than simply surface topograptiy is 
significant in solid to solid contact. Surface chemistry, physics, 
and metallurgy are extremely important. It has been indicated herein 
that, for exaiTiple, small concentrations of contaminants in metals and 
alloys of the order of pa. ts per million can segregate to the surface 
of a solid and markedly alter its adhesion, friction, and wear 
behavior. 

The electronic nature of a metallic surface and the physics of 
the surface influence the ad.nesive interactions of metals. In a 
consideration of both the lermi surface and valency bond character, 
tribological relat ionshins aie o^iserved. 

A host of metallurgical effects are observed to effect adhesion, 
fr; fion, and wear, liiese arc presented in greater detail shortly. 

The advent of the space age and the use of vacuum systems to 
study material behavior in the absence of normal environmental 
constituents has clearly established that the environment is an 
integral part of every lubrication system and must be considered in 
any fundamental study of tribological behavior, fractions of a 
monolayer are sufficient to affect adhesion and friction forces. Both 
oxygen and water vapor of the environment alter the friction and wear 
behavior of surfaces in sliding. Dissolved gases in oils come from 
the environment and alter tribological performance. Furthermore, even 
solid-film lubricants are affected in their performed by environmental 
components. Molybdenum disulfide lubricates more effectively in the 
absence of moisture than in its pressure, just contrary to that 
observed with graphite. 

Returning to the subject of metallurgical properties and their 
effect on tribological characteristics, crystal structure and 
orientation exert a strong influence on friction and wear behavior. 
Hexagonal metals have superior friction and wear properties to cubic 
metals, both body centered and face centered cubic. High atomic 




liens ity, lot» surfdct* energy planes in metal systems exhibit loMer 
friction, Mear, and adhesive behavior than do planes of lesser density 
and hlqher energy. LikeMise, the adhesive and friction forces are 
lower In the high atomic density or preferred slip directions of 
crystal faces. 

Texturing a metal surface generally results in changes In 
friction and wear behavior of nietals with the resulting texture In 
sliding to be that of the high atomic density plane orienting Itself 
nearly parallel to the sliding surface, friction also changes with 
recrystal I i/at icn. 

Urdering simple binary alloy systems has an effect on friction. 
Friction Is lower for the alloy systems In the ordered than In the 
disordered state. 

Crystallinity itself has an effect on tribological response. 
Experiments with amorphous metal alloys (metallic glasses) reveal that 
friction and wear are lower in the amorphous state than In the 
crystalline state. This observation Is consistent with lower energy 
surfaces exhibiting better tribological properties (i.e., lower 
friction and wear). 

Friction characteristics can be related to fundamental physical 
and chemical properties of elemental tnetals. both ideal tensile and 
shear strength of metals correlate with observed friction behavior. 

The iJ valence bond character of elemental metals relates to observed 
adhesion and friction. The greater the degree of bond saturation, the 
lower the adhesion and friction. 

With metal alloys, abrasive wear resistance anti friction can be 
related directly to the lattice ratios of the alloying element to the 
solvent element. When the lattice radius **at1o of the solvent to the 
solute element is unity, frict ion and wear are minimal. Deviation of 
the ratio In either direction from unity results In higher friction 
anu wear. 

Surface segregation of alloy constituents to tfie surface results 
In changes In adhesion, friction, and wear behavior. Some alloying 
elements Increase these properties while others reduce them. Very 
small amounts of alloying element profoundly Influence tribological 
characteristics. 
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